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ABSTRACT 
 
AZA-BIS(OXAZOLINE) COPPER COMPLEXES IMMOBILIZED ONTO SELF-
ASSEMBLED MONOLAYER SUPPORTS: SURFACE ENVIRONMENT, 
RECYCLING, VERSATILITY STUDY 
 
 
 
 
By 
Christy C. Paluti 
December 2010 
 
Dissertation supervised by Dr. Ellen S. Gawalt 
The design, effectiveness and versatility of the self-assembled monolayer-
immobilized aza-bis(oxazoline) catalysts was explored here. The first part of this 
dissertation focuses on the immobilization of aza-bis(oxazoline) ligand with three 
different C2 groups onto self-assembled monolayer support material. In the homogeneous 
phase, the more steric bulk present at the C2 position of the catalytic system, the greater 
the selectivity. In the heterogeneous systems, those with the least amount of steric bulk 
had the greatest increase in selectivity compared to their respective homogeneous phase. 
The supports not only allowed for selectivity enhancements not observed in the 
 iv
homogeneous phase, but also demonstrated the effectiveness of this support material in 
the cyclopropanation reaction. 
 Self-assembled monolayer supports allowed for modification of the surface steric 
environment around the catalytic site. This was accomplished by varying the length of the 
background alkenethiol chains so that three steric environments were created. The three 
steric environments were the catalyst above the monolayer surface, level with the 
monolayer surface, and below the monolayer surface. Modification of the steric 
environment around the catalyst, in turn allows for control of the selectivity of the 
heterogeneous catalytic system.  
 Modification of the surface electronic environment around the catalytic site is 
accomplished by modification of alkanethiol tail groups. The five background tail groups 
investigated were hydroxyl, bromide, carboxylic acid, methyl ester, and nitrile. 
Modification of the background tail groups allows for control of the enantioselectivity in 
the cyclopropanation reaction.  
 Self-assembled monolayer supports also allow for the generation of effective 
reusable heterogeneous catalytic systems. One of the main positive aspects of 
heterogeneous catalysis is the ability to recycle the catalytic system multiple times 
without major reduction in selectivity. The duration of these heterogeneous aza-
bis(oxazoline) systems is dependent on the stability of the gold substrate layer and the 
reaction solvent.  
 The last section of this dissertation focuses on the versatility of the aza-
bis(oxazoline) copper complex immobilized onto self-assembled monolayers. The 
homogeneous and heterogeneous catalysts were investigated in the carbonyl-ene reaction 
 v
of ethyl glyoxylate and α-methylstyrene. The three heterogeneous catalytic systems were 
the carboxylic acid surface, hydroxyl surface, and the catalyst above the methyl 
monolayer surface.  
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Chapter 1 
Introduction to heterogeneous catalytic systems utilizing the immobilization of traditional 
homogeneous catalysts such as bis(oxazoline) and aza-bis(oxazoline) onto various 
support materials 
  
 
Heterogeneous catalytic systems were developed by immobilization of aza-
bis(oxazoline) ligands onto self assembled monolayer supports. This support material 
allowed for modification of the steric and electronic environment around the catalytic 
site. Results obtained gained insight into the mechanism for the heterogeneous systems in 
the benchmark cyclopropanation reaction. These heterogeneous systems were not only 
highly selective in terms of stereo- and enantio-selectivity, but they were also recyclable. 
The utility of the heterogeneous catalyst was further tested in the benchmark carbonyl-
ene reaction to demonstrate the utility of these catalytic chips in another reaction. 
Background information on the cyclopropanation reaction, ligand, current heterogeneous 
systems, self-assembled monolayers, and carbonyl-ene reaction will be addressed here.        
 
1.1 Cyclopropanation reaction 
The cyclopropane subunit is found in a wide range of natural products.1-5 
Cyclopropane-containing fatty acids are often observed in bacterial and plant lipids.3 
Fatty acid derivatives contain multiple cyclopropanes per molecule. One example of a 
multiple cyclopropane containing fatty acid is the highly biologically active fungieide 
FR-9008484 which is isolated from fermented streptoverticillium fervens. Another 
example of cyclopropane-containing natural products are cyclopropane amino acids, two 
examples are Cyclizidine5 and Indolizomycin2 which are important cyclopropane amino 
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acids. The simplest cyclopropane-containing amino acid is 1-aminocyclopropane-1-
carboxylic acid (ACC, or ACPC) which is the crucial and immediate precursor of the 
important plant hormone ethylene.2  Cyclopropanation catalyzed by transition metals, 
which is defined as a [2+1] cycloaddition between a carbene-type species and an alkene, 
is an important synthetic method to obtain cyclopropane rings. 6,7 The carbene-type 
species is produced by the diazo compound decomposition reaction catalyzed by a 
transition metal. A wide range of transition metal catalysts derived from Cu, Rh, Ru, Fe, 
Co, Os, Pd, Pt, Cr, and others have been reported to catalyze the diazo reagent 
decomposition. Diazocarbonyl compounds are inherently unstable to acid-promoted 
decomposition, and it is this instability that models their effectiveness for catalytic 
reactions with transition metals.7,8 The metal-carbene complex plays an important role in 
the stabilization and enantioselectivity of the cyclopropanation reaction. The reaction 
between the diazo compound and the olefin will not take place unless the catalyst is 
present. This is because the free carbene is not very stable and reactions tend to favor the 
steps which cost the least amount of energy.9 
 
Figure 1.1. Enantioselective step in cyclopropanation reaction. The electrons of the 
nucleophilic olefin react with the electrophilic metal carbene.    
 
The catalytic activity of transition metal compounds in this system depends on 
coordination unsaturation at their metal center, which allows them to react as 
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electrophiles with diazo compounds.8 Coordination of the transition metal to nitrogen 
atoms present in the ligand structure allows the metal to act as an electrophile. In the 
catalytic transition metal cyclopropanation reaction, the enantioselective step is the 
second part of the reaction where the metal-carbene complex reacts with the olefin 
substrate (Figure 1.1). The rate-determining step is the dinitrogen extrusion to give the 
transition metal-carbene intermediate complex. 10 The metal-carbene complexes are 
postulated as intermediates in transition metal-catalyzed reactions of diazo compounds 
are electrophilic species.11 This is especially true if they are derived from α-diazo 
carbonyl compounds, which increase the electrophilic character of the metal-carbene. 
Electron rich olefins are the most suitable substrates for copper-catalyzed 
cyclopropanation reactions while electron poor substrates such as α, β-unsaturated 
carbonyl compounds, in general, are not sufficiently reactive. The cyclopropanation is 
initiated by the interaction of the electrophilic metal-carbene species with the π-system of 
the olefin.  
Two different mechanisms have been proposed for the formation of the 
cyclopropanation ring. One is a concerted mechanism (Figure 1.2), while the other is a 
two step mechanism via the formation of a metallacyclobutane.11  
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Figure 1.2. The two proposed mechanisms for the benchmark cyclopropanation reaction 
 
In the concerted mechanism, the carbon-carbon double bond reacts with the 
central carbon of the metal-carbene species. The principal bonding interaction in this case 
is between the electrophilic carbon of the metal-carbene and the π –system of the carbon-
carbon double bond.11  
The two step mechanism begins with the coordination of the olefin to the metal 
carbene center. The next step is the formation of a metallacyclobutane, as a central 
intermediate, which then undergoes reductive elimination. 11 The formation of the 
metallacyclobutane from the metal carbene and the reductive elimination to cyclopropane 
are well known steps in organometallic chemistry.11 Both proposed mechanisms are 
compatible with the literature data, although for many of the copper catalysts that bear 
sterically demanding chiral ligands, a metallacyclobutane intermediate seems less 
attractive for steric reasons.11 The cyclopropanation reaction of interest in this project is 
that of ethyl diazoacetate and styrene (Scheme 1.1). 
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 Scheme 1.1. Benchmark cyclopropanation reaction   
1.1.1 Homogeneous Catalysis 
The three main branches of C2 symmetry ligands are the aza-semicorrins,12,13 bis-
(oxazoline)12,14 and aza-bis(oxazoline),15-17 which are all effective ligands for asymmetric 
catalysis. The concept of C2 symmetry in catalysis was introduced by Kagan in the early 
seventies.11 C2 symmetry is an attractive feature in that it reduces the number of possible 
catalyst-substrate arrangements and consequently the number of competing reaction 
pathways by a factor of two. The C2 symmetry also has a beneficial effect on the 
enantioselectivity in that it facilitates identification of the factors responsible for 
enantiocontrol.  The conformational rigidity of the ligand system and its C2-symmetry 
should have a favorable effect on the stereochemistry of a metal-catalyzed process, as 
they restrict the number of possible catalyst-substrate arrangements and the number of 
competing diastereomeric transition states.18  
The planar π-system and the two five-member rings confine the conformational 
flexibility of the ligand framework.19 The conformationally rigid framework of the metal 
chelate with the presence of stereocenters close to the donor nitrogen atoms imposes a 
well-ordered chiral environment at the catalytic site.20 Easy accessibility and the ability to 
modify the chiral centers also allows for fine-tuning of the ligand structure for specific 
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applications. The size of the chelate in the reactive metal complex of the bis(oxazolines) 
is another important feature of the catalyst, since it will control the orientation of the 
substituents on the two oxazolines around the metal ion. 20 Increases in the bite angle 
(Figure 1.3) of the bidentate bis (oxazoline) ligand from a five-membered chelate in A to 
a six-membered chelate in B, will lead to the R groups coming in closer proximity to the 
metal ion, and this effect is even more pronounced in a seven-membered chelate system 
C. 20 The chelate metal ion will be more deeply embedded in C as the large chelate size 
will push the R-groups upward toward the substrate, thus, causing more steric hinderance 
for the olefin.    
 
Figure 1.3. Bite angle of ligand 
Both oxidation states of copper function effectively as a Lewis acid center for 
cycloaddition reactions. The Irving-Williams order for divalent ions in the first transition 
series indicates that copper forms the most stable ligand-metal complexes, and the 
dissociation of the chelating chiral ligand is not a complication.21 As for the active 
catalyst in the cyclopropanation of diazo compounds, copper(I) was found to be the 
active catalyst.22 Copper(I) has four coordination sites, where as copper (II) has six 
coordination sites.23 The copper in the cyclopropanation acts as a soft acid in that it π 
bonds with the diazo compound. 
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1.1.2 Mechanistic Rationale for stereoselectivity of cyclopropanation reactions  
There is general agreement that copper-catalyzed cyclopropanation reactions of 
diazo compounds involve metal-carbene complexes as intermediates.7,11 If this is true, 
enantioselectivity must occur in the interaction of the metal carbene with the olefin. 
Intermolecular cyclopropanation of alkenes by catalytic addition of a carbene is 
remarkably insensitive to structural influences.11 This insensitivity is associated with the 
inherently high electrophilic reactivity of the intermediate metal carbene, which 
commences bond formation with the carbon-carbon double bond at distances sufficiently 
removed from the carbon center to allow limited steric interaction between the carbene 
substituent and the alkene substituent. The double bond approaches the carbene center so 
that electrophilic addition can take place in a Markovnikov fashion, thus allowing the 
olefin substituent to stabilize the developing electropositive center.  Diastereoselectivity 
is relatively low, except when the bulkiest diazoacetates (e.g., BDA) are employed.24  
All metal-catalyzed cyclopropanation reactions have two important 
stereochemical features in common. The first is that in the cyclopropanation of terminal 
olefins with alkyl diazoacetate the absolute configuration of the cis and trans product at 
the asymmetric carbon atom derived from the diazo compound is the same.11 Although 
the chiral ligand efficiently controls the enantioselectivity of the reaction, its influence on 
the cis/trans selectivity in the cyclopropanation of styrene and other terminal olefins is 
negligible. Literature reports of the cyclopropanation of styrene with ethyl diazoacetate, 
the ratio of the trans/cis products range from 70:30 to 75:25 with all catalysts.7 The 
cis/trans selectivity in cyclopropanation of terminal olefins appears to be determined 
almost exclusively by the alkoxy group of the diazo ester and the substituents at the 
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olefinic double bond irrespective of the particular structure of the catalyst.11 Variations in 
diastereoselectivities result from changes in the carbene substituents.7  
Electronic influences are particularly noticeable in reactions with styrene. The 
degree of polarity of the carbene determines the predominant stereoselectivity of the 
system.7 These influences suggest a role for the polar carbene substituent in directing the 
approach of the olefin to the carbene center. The nucleophilic oxygen of the more polar 
carbene substituent can stabilize the developing electropositive center of the reacting 
olefin. This secondary effect is much like the one that controls endo selectivity in Diels-
Alder reactions.7 The stereoselectivity can be explained by the occurrence of a metal 
carbene intermediate in which one of the two faces of the trigonal carbene C-atom is 
shielded by the chiral ligand such that the olefin preferentially approaches from the less 
hindered side (Figure 1.4).  Consequently, the cis and trans product have the same 
absolute configuration at the carboxyl-bearing carbon atom. 
 
Figure 1.4. The approach of the olefin to the metal carbene factor determining stereo-
control  
 
The plane defined by the trigonal carbene atom is assumed to be perpendicular to 
the ligand plane (Figure 1.5). This geometry is expected to be favored over a planar 
geometry for steric and, possibly, also electronic reasons. The olefin approaches the 
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metal-carbene either from the front- or the back- side along pathways A or B. The 
principal bonding interaction initially develops between the electrophilic carbenoid C-
atom and the terminal olefinic C-atom which is sterically more accessible and more 
nucleophilic than the substituted end of the carbon-carbon double bond. As a result of 
this interaction, the two trigonal centers become pyramidal. Depending on the direction 
of attack, the alkoxy carbonyl groups at the carbenoid center either moves forward or 
backwards relative to the plane bisecting the ligand. 
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Figure 1.5. Orientation of the resulting cyclopropane with respect to the catalyst.  
In Pathway B (Figure 1.5) a repulsive steric interaction builds up between the 
ester group and the adjacent substituent at the stereocenter of the ligand. Therefore, 
Pathway A which leads to the cis(1S)- or the trans(1S) cyclopropane carboxylate is 
expected to be favored over pathway B. This is consistent with experimental data.11  
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Although the copper carbenes have never been characterized by X-ray 
crystallography, a recent solution-state NMR study of copper carbene has been carried 
out and showed that the mechanistic picture is fully consistent with that proposed by 
Pfaltz and co-workers for the homogeneous catalytic reaction.25,26 The proposed model 
rationalizes the observed stereoselectivities in a number of cases and thus should prove 
useful for the design of new chiral ligands. What happens when the catalyst is then 
immobilized onto a support material? Does the reaction go through the same mechanism 
as the homogeneous phase catalyst or does immobilization change the reaction 
mechanism?      
 
1.2 Heterogeneous catalysis 
Immobilization of the aza-bis(oxazoline) ligand onto self-assembled monolayers 
has allowed for the generation of heterogeneous catalytic systems that are not only highly 
selective but recyclable. Modification of the support system in terms of steric and 
electronic environment will allowed for insight into the mechanism of this heterogeneous 
catalyst in the benchmark cyclopropanation reaction.  The support system for this study 
and the current heteroegenous catalytic systems will be discussed in this section.       
 
1.2.1 Self-assembled monolayers (SAMs) 
Self-assembly (SA) is a phenomenon in which a supramolecular hierarchical 
organization or ordering is spontaneously established in complex systems without 
external intervention.27 Self-assembled monolayers (SAMs) can be constructed of various 
types of molecules and substrates. In the literature there are widespread examples of 
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alkanethiolates on gold monolayers.27 When a molecule adsorbs onto the surface of a 
crystal these molecules tend to form ordered surface structures. The driving force for 
ordering originates, just as with three-dimensional crystals formation, in mutual 
interactions.28  The formation of molecular self-assemblies on surfaces results from a 
complex interplay between chemical bonding to the surface and steric interactions of 
adjacent molecules.28 SAMs consist of a head group, tail group, and an alkane chain 
which is shown in Figure 1.6. The alkyl chains on gold are in an all-trans conformation 
and are tilted at 33° to the surface normal.29 The head group is generally hydrophilic, 
while the tail group can be either hydrophilic or hydrophobic. The properties of the self-
assembled monolayers depend on the functional groups contained in the molecule and the 
substrate.  
 
Figure 1.6. Self-assembled monolayer structure  
The substrate for this project is gold for the following reasons: (i) gold is easy to 
obtain as a thin film or colloid; (ii) gold is an inert metal so that it does not oxidize at 
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temperature below its melting point; (iii) gold does not react with atmospheric oxygen; 
(iv) this substrate does not react with most chemicals; (v) lastly gold binds thiols with a 
high affinity and SAMs form in a consistent and predictable manner.29 
A SAM is defined by three parts: head, long alkane chain, and the tail group. The 
head group of the organic molecule has a specific attractive interaction with the solid 
substrate.30 In this system, the formation of a thiolate requires the chemical activation of 
the S-H bond of the thiol (or in the case of disulfide the S-S bond). The energetics 
involved in this bond activation –the bonding energy that directly anchors the adsorbate 
molecules of the SAM to the gold substrate were first examined in studies carried out in 
1987. Using temperature-programmed desorption as a kinetic measure of the SAM 
binding energy, and it was established that the adsorption of dimethyl disulfide on 
Au(111) occurs dissociatively. 27 The reaction is fully reversible, and recombination 
desorption of the disulfide is an activated process with a barrier lying near 30 kcal/mol.27 
The Au-S bond that anchors the SAM is, in fact, a reasonably strong one- a hemolytic 
Au-S bond strength on the order of 50 kcal/mol –based on the known S-S bond strength 
of a typical dialkyl.31 The ordering of alkanethiols is driven by the strong affinity 
between the sulfur and the metal and the lateral van der Waals interactions between the 
long alkyl chains. The dipole interactions between polar tail groups may aid the 
formation of SAM.32 Two parameters describe the variations in the orientation of the 
organic molecules in the SAM (Figure 1.7): the angle of tilt for the linear backbone of the 
molecule away from the surface normal (α) and the angle of rotation about the long axis 
of the molecule (β).33
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 Figure 1.7. Tilt angle  
The tilt angle (α) can assume both positive and negative values, while the twist 
angle (β) has a range of 0° to 90°.33 Gold has the largest tilt angle for monolayer supports, 
when compared to other metal substrates, with a tilt angle of absolute value near 30° for 
alkanethiol systems. The average twist angle for gold organic monolayer is near 50° for 
alkanethiol systems. These data are consistent with space-filling models involving (at 
least for gold) chain tilts lying along the direction of the next-nearest neighbor, that is an 
ordered structure involving a hexagonal arrangement of the sulfur atoms.33  These 
assumptions about organization have been largely confirmed by diffraction studies.  
How the molecule will interact with the surroundings and potentially change the 
surface properties is determined by the tail group.  Modification of the tail groups is 
accomplished by synthesizing alkanethiol with various substituents. These tail group 
substituents allow for attachment of organic molecules such as ligands for catalysis. 
Modification of the tail groups also allows for control of the surface environment of the 
monolayer surface, which is beneficial for catalytic studies.       
1.2.2 Heterogeneous bis(oxazoline) and their derivative aza-bis(oxazoline) catalytic 
systems for the benchmark cyclopropanation reaction   
 
 The chiral bis(oxazoline) (BOX) ligands12,14 and their derivatives aza-
bis(oxazoline) ligands34 (Figure 1.8) have seen success in asymmetric catalysis in a 
variety of reactions over the past decade.  
 13
N N
OO
Rox Rox
Rbrg Rbrg
Bis(oxazoline)
1a Rox=CH2Ph; Rbrg=H
1b Rox=CH2Ph; Rbrg=Me
1c Rox=Ph; Rbrg=H
1d Rox=Ph; Rbrg=Me
1e Rox=t-Bu; Rbrg=H
1f Rox=t-Bu; Rbrg=Me
Aza-bis(oxazoline)
H
N
N N
OO
Rox Rox
24a Rox=t-Bu; Rbrg=H
24b Rox=t-Bu; Rbrg=Me
N N
1g IndaBOX
 
Figure 1.8. Current bis(oxazoline) and aza-bis(oxazoline) ligands 
 These catalytic systems suffer one major drawback, which is their high catalyst to 
substrate ratio (generally 1-10 mol%). To become useful catalysts in industry they must 
be easily separated, and the catalyst must be recyclable. Supported catalysts greatly 
facilitate separation processes, and accordingly, allow for a more simple, and efficient 
recovery, and reuse of the chiral catalyst or ligand, facilitating the corresponding 
synthetic procedure, and the development of more environmentally benign processes.35 A 
recyclable catalyst is one that is used for many cycles of a reaction without addition of 
additional catalyst to the reaction system. The catalyst is separated from the reaction pot 
by filtration, and then rinsed before addition to a new reaction system. In many cases, the 
support itself can contribute to the modification of the activity, the stability, or the 
selectivity of the immobilized catalytic system.36,37 Immobilization of the catalyst onto 
the surface so that the environment around the active sites may be controlled  may allow 
for control of selectivity in the cyclopropanation reaction. None of the immobilization 
methods previous reported allowed for control of the catalytic environment. The design 
of the heterogeneous catalysts that can be recyclable, and allow for easy control of the 
catalytic environment is needed. 
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1.2.3 Heterogeneous systems using noncovalent bonding 
 Immobilization of the catalyst using noncovalent ionic, and polar interactions 
between the catalyst and the support material were thought to be a prefect system. These 
immobilization methods do not require prior functionlization of the ligand. One of the 
major drawbacks of these methods is the unwanted interactions between the support 
material, and the catalytic site. These interactions result in poor yield in the 
cyclopropanation reaction or give inverse results for the reaction stereoselectivity, when 
compared to the homogeneous reaction.  
 Noncovalent methods for preparing heterogeneous versions of the chiral BOX 
ligand were reported before covalent methods.38 The first paper to report on this method 
of noncovalent attachment appeared in 1997. Mayoral et al. heterogenized BOX by 
cationic exchange with clays. Then tested these catalysts in the cyclopropanation 
reaction.38-44 In this method the clay material replaces the counter-ions of the catalyst. 
Clays are hydrous aluminum silicate materials that can contain Mg, Al, Ca, and Na.  
The ion exchange method immobilization of the BOX catalyst on to the surface of 
clays via electrostatic interactions causes changes in the surrounding of the catalytic site. 
These changes result in modification of the catalyst behavior. This method of 
immobilization gives rise to an interesting change in trans/cis selectivity, and 
enantioselectivity by changing the reaction solvent from a polar to an non-polar solvent. 
Changing the reaction solvent increases the formation of the less favored products in the 
homogeneous catalysis. This change in stereoselectivity is believed to be caused by both 
immobilization method and the solvent effects.  
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1.2.4 Covalent heterogeneous systems on insoluble organic supports 
 Two different methods of immobilization of BOX ligand on polystyrene in a 
covalent manner were reported. 35,43,45-47 The first method deals with grafting the BOX 
ligand onto a ready-made Merrifield polymer (Figure 1.9). The second method is the 
direct polymerization of functionalized BOX ligands (Figure 1.10). Both of these 
immobilization methods deal with functionalizing the ligand bridge, which contains 
acidic protons. Attachment in this way should preserve the C2- symmetry of the ligand, 
and also free up the active catalytic site, unlike the ion exchange method of attachment.  
 
Figure 1.9. Grafting to commercial polymer support design and catalytic results 
 Covalent bonding of BOX onto polymers is more efficient than non-covalent 
interactions (clays) in terms of enantioselectivity, and cis/trans ratios. The 
enantioselectivity of the covalently bonded heterogeneous BOX catalysts equals, in some 
cases, the enantioselectivity of the homogeneous phase. General conclusions based on the 
results are the loss of C2 symmetry causes a decrease in enantiomeric excess. Future 
immobilization methods should preserve the C2 symmetry of the ligand. The grafting of 
BOX onto Merrifield polymer failed to produce good results because this method of 
covalent attachment eliminated the C2 symmetry. Cross linking agents in the 
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polymerization of BOX led to poor catalytic results compared to other polymerization 
methods. This is due to the fact that parts of the cross linking agents can serve as alternate 
coordination sites for the metal. Cross linker with no additional functionalities allow for 
improved selectivity because there are no sites for non-selective coordination. This factor 
is similar to that of silica bound systems where additional functional groups negatively 
affect the results of the reaction. 48.49
 
Figure 1.10. Immobilization of ligand to polymer supports with cross linking agents 
 
Figure 1.11. Polymerization of styrene functionalized ligand with various ratios of ligand 
to styrene  
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Figure 1.12. Homopolymerization of styrene functionalized BOX ligand  
 Also rigid cross linking agents can hinder the approach of substrates to the 
catalytic site causing a reduction in enantioselectivity.  Homopolymerization (Figure 
1.12) gave better catalytic results than other polymerization methods.43 As the catalyst 
loading was decreased the enantiomeric excess was increased.  
 The stress of doubly anchoring BOX onto a polymer matrix can clearly alter the 
bite angle in the Cu-BOX complex. This could be the reason why the polymer-bound 
catalysts do not perform as well as the homogeneous phase. A detail study of the effect of 
doubly anchoring BOX ligands was performed utilizing synthetic homogeneous analogs 
of the BOX polymer-bound systems. These homogeneous analogs performed comparably 
to the heterogeneous polymer-bound BOX system. These results support the claim that 
doubly anchoring the BOX ligand distorts the bite angle. Polymerization of BOX allows 
for the formation of chiral-cavities.40 Chiral cavities are generated by the immobilization 
of chiral catalysts into the pores of a support material, and this may or may not improve 
selectivity.  
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1.2.5 Covalent immobilization on insoluble inorganic supports 
There are two main methods of immobilizing the BOX ligand onto the surface of 
silica. The first is grafting onto ordered inorganic mesoporous silicate materials MCM-41 
51-53 and MCM-48 51-53. The second method is grafting of modified BOX ligands onto the 
surface of functionalized silica, with thiol groups present on the surface.54
 Immobilization of BOX onto the surface of silica, and functionalized silica gave 
mixed results for the selectivity in the cyclopropanation reaction. The grafting of BOX 
ligands onto inorganic mesoporous silicate materials compared favorably with the 
homogeneous phase. The trans and cis enantiomeric excess was comparable to the 
homogeneous phase, when triflate was used as the counterion. When chloride was used 
as the counterion the heterogeneous catalyst performed better than the homogeneous 
phase, with double the amount of enantiomeric excess.  
In the second method of immobilization a functionalized BOX ligand is attached 
to the surface of functionalized silica, with thiol groups present on the surface. These 
systems compare unfavorably to the homogeneous phase.  
 
1.2.6 Covalent Tethering to soluble organic polymers 
 Tethering ligands to soluble polymer supports combines some advantages of the 
homogeneous and heterogeneous phase. The advantage of the homogeneous phase is that 
during the reaction the catalyst is in the homogeneous phase. After completion of the 
catalytic reaction, the catalyst is precipitated out of solution by addition of a solvent in 
which the catalyst is not soluble. Glos and Reiser developed the aza-bis(oxazoline) 
ligand,34 and the method of tethering to soluble polymer support34. The soluble polymer 
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support is poly(ethylene glycol) (PEG), and this heterogeneous catalytic system performs 
comparable to the homogeneous phase. The one drawback to this method is the loss of 
environmental control around the catalytic site.       
 
1.2.7 Conclusions of previous method of immobilization of bis(oxazoline) and aza-
bis(oxazoline) ligand non-covalently and covalently to support materials 
 
 Bis(oxazoline) and aza-bis(oxazoline) have been immobilized onto various 
support materials in both covalent, and non-covalent methods. Clay supported 
heterogeneous systems were inferior to the homogeneous catalyst, because of the 
unfavorable interactions between the catalytic site and the support material. These 
support materials were replaced by polymers. The first example of immobilization of 
BOX ligands to this support were the grafting of BOX to commercial polymers.43 This 
method of covalent attachment produced an ineffective heterogeneous catalytic system, 
because of the loss of C2 symmetry.  Copolymerization of styrene functionalized BOX 
ligand with cross linking agent was investigated in the benchmark cyclopropanantion 
reaction. This method of covalent attachment also led to unimpressive catalytic results. 
The best method of covalent attachment was the homopolymerization of styrene 
functionalized BOX ligands. The immobilization of the BOX ligand onto inorganic 
supports such as silica was also investigated. The catalytic results of these heterogeneous 
systems were comparable to the homogeneous phase. The aza-bis(oxazoline) ligand was 
tethered to a soluble polymer supports, and this method covalent attachment gave the best 
catalytic results. 
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1.3 Current heterogeneous catalyst for benchmark ene reaction                 
Enantioselective  carbonyl-ene reactions promoted by catalytic amounts of chiral 
Lewis acids are an excellent route to opically active homoallylic alcohols.55 The 
glyoxylate-ene reaction is one of particular significance as it provides chiral –hydroxy 
esters, which posses great biological properties, and synthetic importance.56 Whitesell 
described the first asymmetric carbonyl-ene reaction using auxiliary based glyoxylate.57 
The first example of a catalytic enantioselective ene reaction was reported by Yamamoto 
and co-workers.58  This work lead to an explosion of activity in this area where major 
advances by Mikami,59 Evans,60 and others.61,62 The glyoxylate-ene reaction studied is 
depicted in Scheme 1.2.    
Despite this interest in carbonyl-ene reactions the mechanism remains unclear. 
Hillier investigated the mechanism through DFT and ONIOM (DFT:PM3) calculations 
which favored  a stepwise mechanism with very low barriers. 63 In this mechanism, the 
transition metal catalyst can be viewed as a simple enophile activator.63 
 
Scheme 1.2. Benchmark glyoxylate-ene reaction 
BOX-Ph is the standard ligand for the carbonyl-ene reaction. BOX-Ph ligand has 
been immobilized onto various support systems.64 The first example of immobilization of 
BOX-Ph was in 2002 when the ligand was PEG-immobilized and tested in the 
benchmark carbonyl-ene reaction.65 This heterogeneous system gave excellent 
enantioselectivity and yield. These heterogeneous systems were also recycled two times 
with marginal loss of efficiency. Support material systems for immobilization of the 
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BOX Ph copper complexes include polymers 65-67, perfluorinated ligands68-70, zeolite-Y 
matrix71, and gold nanoparticles72. Titanium(IV) 73-76 and palladium 77 complexes were 
also immobilized on support systems, and tested in the carbonyl-ene reaction. Two main 
limitations of these systems for industrial use are the expense of the ligand, and the high 
catalyst loading (1-20mol% catalyst) required.   
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Chapter 2 
Comparison of homogeneous and heterogeneous catalysis of cyclopropanation reaction 
with three different C2 substituents: Effect of the C2 substituent steric bulk on 
heterogeneous catalytic selectivity 
 
Aza-bis(oxazoline) copper complexes, with three different C2 substituents, were tested in 
the homogeneous cyclopropanation reaction between ethyl diazoacetate and styrene. The 
steric bulk of the C2 substituent had a profound impact on the selectivity of the system. 
Then these complexes were immobilized onto the surface of self-assembled monolayers 
(SAMs) supports. The selectivity of these heterogeneous systems depended on the steric 
bulk present at the C2 position of the catalyst. The aza-bis(oxazoline) complex with 
methyl at the C2 position had the greatest enhancement in selectivity when immobilized 
on the monolayer surface. These results demonstrate the effectiveness of SAMs as 
heterogeneous support material.  
 
2.1 Introduction 
Cyclopropane derivatives have interesting biological properties 1 and are 
important intermediates in organic synthesis. 2 The development of efficient diastereo- 
and enantioselective methods for the synthesis of cyclopropanes has been the objective of 
extensive research over the decades.3-8 Transtion metal-catalyzed cyclopropanantion of 
olefins with diazo-compounds is one of the most versatile methods of cyclopropane 
production. Copper5-7, rhodium8, and cobalt4,9  have all shown high selectivity in 
transition metal-catalyzed cyclopropanation reactions.        
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 Bis(oxazoline)4-6,8 and the ligands analog aza-bis(oxazoline)7 are superior ligands 
for the transition metal-catalyzed cyclopropanation reaction. The aza-bis(oxazoline) 
ligand was chosen for this study based on the following properties: ease of attachment, 
simple modification of C2 substituent, and maintainable C2 symmetry. The aza-
bis(oxazoline) ligand with three different substituents present at the C2 position of the 
ligand was synthesized and tested in the benchmark cyclopropanation reaction. The three 
ligands utilized in this study are shown in figure 2.1.  
H
N OO
H
N OO
H
N OO
1a 1b 1c  
Figure 2.1. Aza-bis(oxazoline) ligands with three different C2 substituents. 1a: butyl, 1b: 
methyl, 1c: iso-butyl 
 
The transition of homogeneous catalytic systems to heterogeneous catalytic 
systems has been the target of many research groups over the years. 10-16 Heterogeneous 
catalytic systems possess many beneficial aspects such as reusability, ease of removal, 
and interesting selectivity modifications. Reusability allows for reduction in material cost 
and waste generation. The ability to reuse a catalyst five or even ten times to catalyze a 
set of reactions will reduce the cost and amount of the transition metal and chiral ligand 
required. Transition metal catalytic systems have been immobilized on the following 
heterogeneous support materials: organic polymers, 10-15 inorganic solids, 10-15 and 
colloids16.  
One heterogeneous support material which has not seen much use in the literature 
is self-assembled monolayers (SAMs) on planar gold. These support materials allow for 
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easy modification of the supports organic structure by modification of the alkanethiols. 
Just a few of the structural modifications are alkanethiol chain length, tail groups, and 
monolayer composition in terms of mixed monolayers.                      
In this study, SAMs of alkanethiols on gold were used because they form 
predictable structures. SAMs also allow for simple attachment of aza-bis(oxazoline) 
ligand onto the surface hydroxyl group through a Mitsunobu reaction (Figure 2.2). 
Immobilization level with the monolayer surface will allow for comparison of the impact 
of steric bulk present at the C2 position. If the complex orients itself near the monolayer 
surface then the steric bulk will have an impact in how close to the surface the complex 
can orient. The closer the complex is to the monolayer surface the more influence the 
surface steric bulk will have on the selectivity of the system.  
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Figure 2.2. Aza-bis(oxazoline) ligands with three different C2 substituents immobilized 
on the SAM support material. 2a: butyl, 2b: methyl, 2c: iso-butyl 
 
2.2 Experimental 
2.2.1 Materials 
All chemicals and solvents were used as received. Thin-layer chromatography 
(TLC) was preformed with Merck 60 F254 silica gel plates. Visualization of compounds 
on the silica gel plates was accomplished by UV light. 1H NMR spectra were obtained at 
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room temperature on a Bruker Avance 400 MHz spectrometer with chemical shifts given 
in ppm relative to the residual solvent peak (CDCl3, 7.26 ppm). 
 
 Starting materials for ligand synthesis were as follows: (S)-tert-leucinol (98% 
Aldrich), benzaldehyde (Aldrich), p-tolouenesulfonic acid monohydrate (99% Acros) 
methanol certified ACS (Fisher).  
 
Starting materials for alkanethiol synthesis were as follows: 10-undecenoic acid 
methyl ester (98% TCI), 11-bromo-1-undecene (96% Alfa Aesar), azo-bis-
isobutyronitrile (98% Sigma-Aldrich), thiolacetic acid (96% Aldrich), hydrochloric acid 
(ACS Fisher Scientific), trityl chloride (98% Aldrich), acetonitrite (HPLC grade Fisher 
scientific), acyrlonitrite (99% Sigma-aldrich) trifluroacetic acid (98% Sigma-aldrich), 
triethylsilane (99% Aldrich).   
     
Starting materials for self-assembled monolayer formation were as follows: 11-
mercapto-1-undecanol (97% Aldrich), 11-mercaptoundecanoic acid (95% Aldrich), 9-
mercapto-1-nonanol (96% Aldrich). 
 
Starting materials for gold substrate preparation were as follows: aluminum wire 
(99.999% Kurt J. Lesker), chromium pieces (99.998% Kurt J. Lesker), gold wire (99.99% 
Kurt. J. Lesker) and microscope cover glass (Fisher Scientific).  
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Starting materials for the Mitsunobu reaction were as follows: diethyl 
azodicarboxylate (40 wt% solution in toluene Aldrich) and triphenylphosphine (99% 
Aldrich). 
 
Starting materials for the cyclopropanation reaction were as follows: styrene (98% 
Acros), ethyl diazoacaetate (Aldrich), dichloromethane (99.9% Acros), phenylhydrazine 
(95% Acros) and Cu(OTf)2 (98% Aldrich).  
 
2.2.2 Aza-bis(oxazoline) ligand synthesis  
Bis[4,5-dihydro-(4S)-(1,1-dimethylethyl)-1,3-oxazole-2-yl]-amine (1a) was prepared 
according to a literature procedure.7 Bis[4,5-dihydro-(4S)-(methyl)-1,3-oxazole-2-yl]-
amine (1b) was prepared by slight modification of the literature procedure.7 The amino 
alcohol was changed from (S)-tert-leucinol to (S)-(+)-2-amino-1-propanol to generate 
(1b) (bis[4,5-dihydro-(4S)-(methyl)-1,3-oxazole-2-yl]-amine). Bis[4,5-dihydro-(4S)-(iso-
butyl)-1,3-oxazole-2-yl]-amine (1c) was prepared by slight modification of the literature 
procedure.7 The amino alcohol was changed from D-leucinol to (S)-(+)-2-amino-1-
propanol to generate (1c) (bis[4,5-dihydro-(4S)-(iso-butyl)-1,3-oxazole-2-yl]-amine).  
 
2.2.3 Preparation of the heterogeneous catalyst  
2.2.3.1 Gold substrate preparation  
Glass microscope slides were cleaned with ethanol and dried under a stream of nitrogen 
for 10 min. Aluminum was deposited onto the glass slides by thermal vapor deposition at 
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a pressure of 3 x 10-6mbar. Gold was deposited onto the aluminum-coated glass slides by 
thermal vapor deposition at a pressure of 3 x 10-6 mbar.  
 
2.2.3.2 SAM preparation  
Gold chips were immersed in a 2mM ethanolic solution of alkanethiols (10:90) (11-
mercaptoundecanol: dodecanethiol), overnight at room temperature (23°C-25°C). Upon 
removal from solution, the samples were carefully rinsed with CH2Cl2 and dried under a 
stream of nitrogen.  
 
2.2.3.3 Mitsunobu reaction (Ligand Immobilization)  
The ligand was immobilized to the SAM surface via a surface Mitsunobu reaction as in 
the literature17. Mixed monolayer chips were placed in a three-necked round bottom 
flask. An aza-bis(oxazoline) ligand (1a-c) and triphenylphosphine were added. THF was 
added and then the reaction flask was placed in an oil bath at 50°C. Under N2, diethyl 
azodicarboxylate was added and the reaction was handed stirred17 for 2 h. The samples 
were removed from the reaction mixture and rinsed with dichloromethane to remove 
reagents loosely bound to the surface.  
 
2.2.4 Surface characterization  
2.2.4.1 Diffuse Reflectance Infrared Fourier Transform (DRIFT) 
The substrates were studied using diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFT) (Thermo Nicolet-NEXUS 470 FT-IR) to analyze the alkyl chain 
ordering of the molecules on the surface. The spectra were recorded under nitrogen to 
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eliminate the background signals due to CO2 and H2O adsorption bands. Unmodified 
gold substrates were used as the background spectra. 1024 scans were collected for each 
sample with a 4 cm-1 resolution.   
 
2.2.4.2 AP MALDI-TOF MS  
Atmospheric pressure matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (AP MALDI-TOF MS) was used to analyze the monolayer and to 
determine if the aza-bis(oxazoline) ligands were attached to the monolayer surface before 
and after use in the cyclopropanation reaction. A high-resolution AP MALDI TOF MS 
(Aglient Tech) with pulsed dynamic focusing was used. MS analysis of the ions were 
detected in the positive mode using a 337 nm N2 laser, pulse width of 20 ns, a capillary 
voltage of 3500 V, fragmentor voltage of 260V, skimmer voltage of 40 V, and drying 
temperature of 325°C. External calibration was done using an ES-TOF tuning mix of 10 
masses for the range of 100-2300m/z. Three to five areas of each sample were 
characterized using the MALDI-TOF. The spectra were collected by uniformly moving 
the laser in a circular pattern across the sample for 1 min. The spectra were reproducible 
within a single sample and across different samples. The matrix, α-cyano-4-
hydroxycinnamic acid (CHCA) (Sigma-Aldrich, >99.0% purity), was used without 
further purification and dissolved in 9/1 ratio of the solvents CH2Cl2/EtOH (0.9ml 
CH2Cl2 and 0.1ml ethanol for a total volume of 1ml). The ratio of matrix (CHCA) to 
solvent was 10mg/ml. The matrix fragmentation can be observed in each of the spectra.    
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2.2.5 Cyclopropanation procedures  
2.2.5.1 Homogeneous asymmetric cyclopropanation of styrene and ethyl 
diazoacetate  
 
The benchmark cyclopropanation reaction was performed according to the literature7 
with the following changes.  
 
Under nitrogen atmosphere Cu(OTf)2(3.6 mg. 0.01 mmol) and aza-bis(oxazoline) ligand 
(1a-c) (6.2 mg. 0.022mol) was dissolved in anhydrous CH2Cl2 to produce a light green 
solution. Phenylhydrazine (22ul of a 5% solution) was added and the green color 
disappeared. Styrene (312mg 3mmol, 345ul) and then ethyl diazoacetate (EDA) (1mmol, 
1ml of an 8% solution in CH2Cl2 diluted with 7 ml CH2Cl2) was added over 4 hours. The 
reaction mixture was allowed to stir 5 hours. The solvent was evaporated in vacuo to give 
a green oil. The reaction products were purified by p-TLC. 
 
2.2.5.2 Heterogeneous asymmetric cyclopropanation of styrene and ethyl 
diazoacetate  
 
The heterogeneous cyclopropanation reaction was performed according to the literature17  
The systems (2a-c) (Scheme 1) were added to a three neck round bottom flask and 
CH2Cl2 was added under nitrogen. The copper pre-catalyst (1mg) was added to the 
reaction flask. This was hand-stirred for 10 min and the phenylhydrazine (20ul of a 5% 
solution) was added. Addition of styrene (312mg 3mmol, 345ul) and then EDA (1mmol, 
1ml of an 8% solution in CH2Cl2 diluted with 7ml of CH2Cl2) was added over 4 hours. 
The reaction was hand-stirred for 5 hours. The catalytic chips were removed and the 
reaction solvent was evaporated and the reaction products were purified by p-TLC. 
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2.2.6 Purification and analysis of cyclopropanation products  
The cyclopropane products were purified using p-TLC. The solvent ratio of 96/4 
hexane/diethyl ether was used. CH2Cl2 was used to remove the products from the silica 
gel. The solvent was evaporated under vacuum to yield a colorless oil product. The oil 
was then analyzed by 1H NMR and integration of the cis and trans peaks gave the ratio of 
cis and trans isomers. The yield of the reaction was determined by first weighing the 
products before addition of NMR solvent and integration of the cis/trans peaks along with 
the peak due to side products. 
 
2.2.7 Purification and enantiomeric excess determination  
The cis and trans isomers were separated from each other by p-TLC and the solvent ratio 
of hexane/diethyl ether (96/4). CH2Cl2 was used to remove the respective isomer 
products from the silica gel. The solvent was evaporated in vacuo to yield a colorless oil 
for both isomers. The cis and trans isomers were analyzed by 1H NMR to show 
separation of the two isomers. Addition of the chiral shift reagent europium tris[3-
(heptafluoropropylhydroxymethylene)-(+)-camphorate]  to the NMR samples was used to 
determine the enantiomeric excess.17-20
 
2.3 Results 
2.3.1 Immobilization  
 Comparison between the homogeneous and heterogeneous aza-bis(oxazoline) 
catalytic phases was accomplished. Mixed SAMs on gold in a 1:9 ratio of 1-
dodecanethiol and 11-mercaptoundecanol were prepared. The aza-bis(oxazoline) ligands 
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were then immobilized on the hydroxyl-terminated alkanethiols using a Mitsunobu 
reaction (Scheme 2.1). The cyclopropanation reaction of interest for this study is that 
between ethyl diazoacetate and styrene. 
The mixed monolayer chips were prepared using a 2mM alkanethiol solution with 
a 1:9 ratio of 11-mercaptoundecanol (hydroxyl tail group) and 1-dodecanethiol (methyl 
tail group) in ethanol. Monolayers were formed by solution deposition method in the 
alkanethiol solution for four hours at room temperature. The samples were rinsed, and 
analyzed by DRIFT IR to confirm SAMs formation.     
 
Scheme 2.1 Synthesis of immobilization of aza-bis(oxazoline) ligands on the surface of 
mixed monolayers  
 
In the IR spectra (Figures 2.3a, 2.3b, 2.4) C-H stretches of the methylene groups 
of the alkane chains are used as the reference peaks for SAMs organization.21-23 The C-H 
stretches have two common vibrations seen at ~ 2850 cm-1 (symmetric) and ~2918 cm-1 
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(antisymmetric). These two wavenumber values can shift to higher or lower frequencies, 
depending on the ordering of the alkane chain. A shift to higher frequencies (νCH2 asym > 
2918 cm-1) corresponds to a disordered monolayer, with cis interactions in the alkyl 
chain.24-25 A shift to lower frequencies (νCH2 asym < 2918 cm-1) corresponds to an 
ordered monolayer, with all-trans interactions in the alkyl chain. In the spectrum of the 
mixed monolayer systems νCH2asym = 2917 cm-1 and νCH2sym = 2849 cm-1, indicating thatan 
ordered monolayer is formed (Figure 2.3a, 2.3b, 2.4). The small stretch at 2955 cm-1 is 
due to the C-H stretching of the methyl tail groups (Figure 2.3a, 2.3b, 2.4 dashed line).   
 
Figure 2.3. a. IR spectrum of the SAM before and after immobilization of the aza-
bis(oxazoline) tert-butyl substituted ligand, b. IR spectrum before and after 
immobilization of the aza-bis(oxazoline) methyl substituted ligand. The dashed line is 
before immobilization and the solid line is after immobilization of the ligand. 
 
 
Figure 2.4. IR spectrum of the SAM before and after immobilization of the aza-
bis(oxazoline) iso-butyl substituted ligand. The dashed line is before immobilization and 
the solid line is after immobilization of the ligand. 
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Formation of catalytic systems 2a, 2b and 2c (Scheme 2.1) were accomplished by 
immobilization of (Figure 2.1 1a-c) onto mixed SAMs of 11-mercaptoundecanol and 1-
dodecanethiol. The following heterogeneous systems (bis[4,5-dihydro-(4S)-(1,1-
dimethylethyl)-1,3-oxazole-2-yl]-amine (Scheme 2.1, 2a), bis[4,5-dihydro-(4S)-(methyl)-
1,3-oxazole-2-yl]-amine (Scheme 2.1, 2b) and bis[4,5-dihydro-(4S)-(iso-butyl)-1,3-
oxazole-2-yl]-amine (Scheme 2.1, 2c) were prepared by immobilization of the 
corresponding ligands  via a Mitsunobu reaction between surface hydroxyl groups of the 
mixed monolayer and the amine of the ligand.   
In the IR spectra after attachment of the ligand (Figures 2.3a-b, 2,4 solid line), the 
stretch (2955 cm-1) due to C-H of methyl groups has a greater intensity compared to the 
intensity before attachment of the ligand. This is due to the presence of the ligand and its 
methyl-containing R groups. The width of the peak is due to overlapping CH stretches 
from CH groups in the ligand and monolayer. The stretch at 1200 cm-1(Figure 2.5) is due 
to a tertiary amine indicating, that the ligand was in fact immobilized onto the surface of 
the monolayer. The stretch at 1125 cm-1 is due to the ether group present in the ligand 
structure.26  These peaks are not present in the IR spectrum prior to immobilization. 
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 Figure 2.5. IR spectrum of the SAMs after immobilization of the aza-bis(oxazoline) tert-
butyl substituted ligand. 
 
2.3.2 Cyclopropanation results 
The aza-bis(oxazoline) ligands, with the three different C2 substituents, were 
activated with the pre-catalyst (Cu(OTf)2), and tested in the homogeneous 
cyclopropanantion reaction between ethyl diazoacaetate (EDA) and styrene (Scheme 
2.2). The reduction of the copper(II) species to the copper(I), which is the active catalyst 
was, accomplished by addition of phenylhydrazine. 
  
Scheme 2.2. Benchmark cyclopropanation reaction of ethyl diazoacaetate and styrene.  
 
After successful immobilization and characterization of the ligand immobilized 
chips, the chips were then activated with the pre-catalyst, and tested in the benchmark 
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cyclopropanantion reaction. The amount of pre-catalyst used was reduced from the 
literature amount of 3.6mg to 1.0mg due to the reduction in amount of ligand present. 
Phenylhydrazine was still used to reduce the copper(II) to the copper(I) state.  The 
cyclopropanation results of the homogeneous and heterogeneous systems, allowed for 
comparison of the two phases, the influence of C2 steric bulk. The homogeneous and 
heterogeneous catalytic results are summarized in Table 2.1.  
Table 2.1 Cyclopropanantion results of the homogeneous and heterogeneous aza-
bis(oxazoline) copper(I) catalyst in the benchmark reaction of styrene and ethyl 
diazoacaetate in dichloromethane.  
 
System Catalytst 
mol% 
Cis/trans 
ratioa
Cis ee%b  
(1S,2R) 
Trans ee%b 
(1S,2S) 
Yieldc  
1a 1% 20/80 80 87 71 
2a 0.27% 16/84 82d 93 74 
1b 1% 34/66 58 62 71 
2b 0.27% 9/91 89d 86 68 
1c 1% 30/70 60 56 68 
2c 0.27% 13/87 43d 63 70 
a Determined by NMR 
b Determined by NMR with chiral shift reagent 
c Isolated yield 
d The (1R,2S) enantiomer is formed over the (1S,2R) 
 
2.3.2.1 Homogeneous cyclopropanation 
 Bis[4,5 dihydro-(4S)-(1,1-dimethylethyl)-1,3-oxazole-2-yl]-amine (Scheme 2.1, 
1a) gave the greatest cis/trans selectivity of the three homogeneous phases. System 1a 
also gave the highest enantioselectivity 87% (Table 2.1, trans isomer). Catalytic system 
1a has the greatest steric bulk present at the C2 position so it is understandable that in the 
homogeneous phase this would have the superior stereo- and enantio-selectivity.  
 System 1b bis[4,5 dihydro-(4S)-(methyl)-1,3-oxazole-2-yl]-amine was also tested 
in the homogeneous cyclopropanation reaction. The stereo-selectivity obtained by 1b was 
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vastly unimpressive then the 1a system, and similar to the bis[4,5 dihydro-(4S)-(iso-
butyl)-1,3-oxazole-2-yl]-amine (1c). The enantio-selectivity of systems 1b and lc were 
also comparable. The homogeneous results follow the trend of increasing steric bulk at 
the C2 position enhances stereo- and enantio-selectivity.  
 The lack of stereo- and enantio-control in the case of 1c could result from the free 
rotation of the carbon-carbon bond of the C2 group, which may allow the two methyl 
groups to orient away from the catalytic site. This would then reduce the steric bulk 
present near the catalytic site, comparable to 1b, causing the selectivity of the two 
systems to be similar.    
 
2.3.2.2 Heterogeneous cyclopropanation 
 When the ligands are immobilized onto the monolayer surface, the homogeneous 
trend of C2 steric bulk is no longer observed. System 2b had the greatest enhancement in 
stereoselectivity of all three heterogeneous systems. The cis/trans ratio went from 34/66 
(Table 2.1) in the homogeneous phase to 9/91 (Table 2.1) in the heterogeneous phase. 
The enantioselectivity of the system also increased. The enantiomeric excess for the trans 
isomer went from 56% to 86% (Table 2.1) The enantiomeric excess for the cis isomer 
with 2b was 89% which was slightly greater then 2a. Also in all three heterogeneous 
cases there was a reversal in the favored enantiomer of the cis isomer. This reversal could 
be due to the catalyst interaction with the monolayer surface. 
 Bis[4,5 dihydro-(4S)-(iso-butyl)-1,3-oxazole-2-yl]-amine heterogeneous system 
2c had an enhancement in stereoselectivity compared to the homogeneous phase 1c 
(Table 2.1). However the enantioselectivity of the system was not positively impacted as 
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in the two other heterogeneous cases. There was still the reversal in favored enantiomer 
for the cis isomer. The reason for the lack of enantioselectivity enhancement could be due 
rotation of the carbon-carbon bond of the C2 group which could direct the steric bulk of 
the two methyl groups away from the catalytic site and the monolayer surface.  
 Another positive aspect of immobilization on the SAMs support material is the 
mole present of the catalyst is reduced from 1mol% for the homogeneous catalyst to 
0.27mol% for the heterogeneous catalyst. The ability to reduce the amount of catalyst 
required for the reaction is very promising in terms of material cost, and waste 
generation.   
 
2.4 Discussion 
 Overall, immobilization of the aza-bis(oxazoline) copper catalyst, with the three 
different C2 substituents, onto the monolayer support material demonstrates the influence 
of C2 substituent steric bulk, and the effectiveness of SAMs as heterogeneous catalytic 
support materials. In the homogeneous system the increase in C2 steric bulk generated a 
more selective catalytic system. When the ligands were immobilized, the system with the 
least C2 steric bulk (2c) had the greatest selectivity enhancement.  Immobilization 
allowed for a reduction in the mol% of the catalyst needed for the cyclopropanation 
reaction.  
 
2.4.1 Homogeneous catalytic results 
 Increasing the C2 steric bulk has a positive impact on the stereo- and enantio-
selectivity of the catalytic system. 1a, tert-butyl at the C2 position, gave the greatest 
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stereo- and enantio-selectivity of the three homogeneous catalytic systems. The systems 
1b and 1c gave similar selectivity. This could be due to rotation of the carbon-carbon 
bond in system 1c. This rotation could allow for the two methyl groups to rotate away 
from the catalytic site, thus reducing the steric impact of the C2 group on the selectivity 
of the system (Figure 2.6). 
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Figure 2.6. A: two methyl groups (1c) pointing towards the catalytic center. In this case 
the steric bulk around the catalytic site would equal that of 1a. B: Two methyl groups 
pointing away from the catalytic center. In this case the steric bulk around the catalytic 
site would equal that of 1b.  
 
2.4.2 Heterogeneous catalytic results  
 Immobilization of the aza-bis(oxazoline) complexes onto the monolayer surface 
caused an impact in the selectivity of the systems. System 2a (tert-butyl) still had the 
greatest enantio-selectivity for the trans isomer, but a slightly lower enantioselectivity for 
the cis isomer compared to 2b. System 2b with the C2 methyl group has the least C2 
steric bulk of the three systems. This reduction in steric bulk can allow the ligand to 
orient closer to the monolayer surface (Figure 2.7). This orientation caused the 
impressive stereo- and enantio-selectivity enhancement. Immobilization of a poorly 
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selective homogeneous catalyst (1b) onto a monolayer support material generates a 
highly selective catalytic system. These results demonstrate the effectiveness of self-
assembled monolayers as support materials for heterogeneous catalysis.            
SAM support material SAM support material
Lig
an
d
2a 2b  
Figure 2.7. The different in steric interaction between the C2 substituents and the 
monolayer surface.   
 
2.5 Conclusion 
 In the homogeneous phase, the more C2 steric bulk near the catalytic site the 
more selective the catalytic system. System 1a was the best homogeneous system in 
terms of stereo- and enantioselectivity because of the impressive C2 steric bulk of the 
tert-butyl groups near the catalytic site. The three homogeneous systems were 
immobilized onto SAMs supports to generate heterogeneous systems. These 
heterogeneous systems all gave improved stereo-control compared to their respective 
homogeneous phases. When the best homogeneous system 1a was immobilized (2a) there 
was both an enhancement in stereo- and enantio-control. The greatest enhancement in 
stereo- and enantio-control was obtained by immobilizing the poorly selective 
homogeneous system 1b onto the SAMs supports (2b). This system (2b) had the greatest 
selectivity enhancement because the catalyst can orient closer to the monolayer surface, 
thus increasing the influence of surface steric interactions on the cyclopropanation 
reaction. These heterogeneous results demonstrated that SAM support materials are a 
good choice of support materials.   
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Chapter 3 
 
Immobilized aza-bis(oxazoline) copper catalysts on SAMs: Selectivity dependence on 
catalytic site embedding 
 
 
Reproduced in part with permission from Christy C. Paluti, Ellen Gawalt, Immobilized 
aza-bis(oxazoline) copper catalysts on SAMs: Selectivity dependence on catalytic site 
embedding  Journal of catalysis 267, 2009, pp.105-113.     
 
 
Aza-bis(oxazoline) copper complexes have been immobilized onto alkanethiol self-
assembled monolayers with three different surface orientations, and tested in the 
benchmark cyclopropanation reaction between ethyl diazoacetate and styrene. The three 
surface orientations were the catalyst backbone above, below, and even with the tail 
groups of the self-assembled monolayer. Enantioselectivity of the product improved to 
>90% by immobilization of the catalyst at the monolayer surface, and was significantly 
reduced when the catalyst was imbedded in the monolayer. The catalyst presented above 
the monolayer surface is a solution mimic in terms of selectivity.   
 
3.1 Introduction 
Cyclopropane derivatives are an important family of chemical compounds with 
interesting biological properties, 1 as well as starting materials, and intermediates in 
organic synthesis.2 Consequently, extensive work has been devoted to the development of 
efficient diastereo- and enantioselective methods for the synthesis of cyclopropanes.3-8 
The most versatile method of cyclopropane synthesis is the transition metal-catalyzed 
cyclopropanation of olefins with diazo-compounds. These homogeneous transition metal 
catalytic systems have shown high selectivity in the transition metal-catalyzed 
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cyclopropanation reactions with copper, 5,-7 rhodium, 8 and cobalt4,9. Bis(oxazoline), 4-6,8 
and aza-bis(oxazoline)7 form superior catalysts for the cyclopropanation reaction.             
Recent research efforts have targeted the transition of homogeneous catalyst 
systems to heterogeneous catalyst systems.10-16 Heterogeneous catalysis allows for the 
recycling of transition metals and chiral ligands, thus reducing material cost and waste. 
While recyclability is an advantage of heterogeneous catalysts, the systematic study of 
surface-ligand steric interactions inherent in these systems has seen little attention. The 
ability to control the steric environment of the surface, where the catalyst is bound may 
improve catalytic outcome from that of the homogeneous phase. Transition metal 
catalysts have been immobilized on solid supports, such as organic polymers, 10-15 
inorganic solids, 10-15 and colloids16. The latter prompted our group to study 
heterogeneous catalysts in terms of steric interactions with the monolayer on planar gold.  
In this study, self-assembled monolayers (SAMs) of alkanethiols on gold were 
used because they form predictable structures and allow for simple modification of the 
environment around the catalyst. As illustrated in Figure 3.1, changing the length of the 
alkanethiol chain changes the steric environment of the catalyst center by moving it to be 
even with the surface of the monolayer (Figure 3.1A), above (Figure 3.1B), below the 
surface of the monolayer (Figure 3.1C).  
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 Figure 3.1 schematic representation of metal catalyst attached to thiolate monolayers on 
gold surfaces (A) The catalyst is even with the monolayer surface (B) the catalyst is 
above the monolayer surface (C) the catalyst is below the monolayer surface  
 
Allowing the catalyst to be even with the surface of the monolayer (Figure 3.1A) 
may cause the cyclopropanation results to differ, in terms of selectivity, from the 
homogeneous phase, because one side of catalyst is partially blocked. When the catalytic 
center is above the monolayer surface (Figure 3.1B), results similar to that found in the 
homogeneous phase should be seen, because the catalyst should not interact with the 
monolayer. If the catalyst is located below the monolayer surface (Figure 3.1C), the 
selectivity of cyclopropanation reaction, should differ from that of the homogeneous 
phase, because of the potential for additional intermolecular interactions with the 
catalytic center. The objective of this study is to immobilize aza-bis(oxazoline) copper 
catalysts on SAMs, and to study the effect of environmental changes on the 
cyclopropanation reaction.   
 
3.2 Experimental  
3.2.1 Materials  
All chemicals and solvents were used as received. Thin-layer chromatography 
(TLC) was preformed with Merck 60 F254 silica gel plates, and compounds were 
visualized with UV light. 1H NMR spectra were obtained at room temperature on a 
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Bruker Avance 400 MHz spectrometer with chemical shifts given in ppm relative to the 
residual solvent peak (CDCl3, 7.26 ppm). 
  
Starting materials for ligand synthesis were as follows: (S)-tert-Leucinol (98% 
Aldrich), (S)-(+)-2-amino-1-propanol (98% Acros), benzaldehyde (Aldrich), p-
toluenesulfonic acid monohydrate (99% Acros) methanol Certified ACS (Fisher). 
 
Starting materials for self assembled monolayer formation were as follows: 11-
mercapto-1-undecanol (97% Aldrich), stearyl mercaptan (97% TCI America), 1-
octanethiol (97% Acros), 1-doecanethiol (98% Alfa Aesar). 
 
Starting materials for gold substrate preparation were as follows: aluminum wire 
(99.999% Kurt J. Lesker), gold wire (99.99% Kurt J. Lesker), and microscope cover glass 
(Fisher Scientific).   
 
Starting materials for the Mitsunobu reaction were as follows: diethyl 
azodicarboxylate (40 wt% solution in toluene Aldrich) and triphenylphosphine (99% 
Aldrich).  
 
Starting materials for the cyclopropanation reaction were as follows: styrene (99% 
Acros) ethyl diazoacetate (Aldrich), dichloromethane (99.9% Acros), phenylhydrazine 
(95% Acros) and Cu(OTf)2 (98% Aldrich).  
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3.2.2 Aza-bis(oxazoline) ligand synthesis  
Bis[4,5-dihydro-(4S)-(1,1-dimethylethyl)-1,3-oxazole-2-yl]-amine (1a) was prepared 
according to literature procedure.7 Bis[4,5-dihydro-(4S)-(methyl)-1,3-oxazole-2-yl]-
amine (1b) was prepared by slight modification of the literature procedure.7 The amino 
alcohol was changed from (S)-tert-leucinol to (S)-(+)-2-amino-1-propanol to generate 
(1b) (bis[4,5-dihydro-(4S)-(methyl)-1,3-oxazole-2-yl]-amine).  
 
3.2.3 Preparation of heterogeneous catalyst  
3.2.3.1 Gold substrate preparation  
Glass microscope slides were cleaned with acetone/deionized-water (50/50 ratio) and 
allowed to air dry. Aluminum was deposited onto the glass slides by thermal vapor 
deposition at a pressure of 3 x 10-6 mbar. Gold was deposited onto the aluminum coated 
glass slides by thermal vapor deposition at a pressure of 3 x 10-6 mbar.  
 
3.2.3.2 SAM preparation  
Gold chips were immersed in a 2mM solution of alkanethiols, (ethanol, 4 hours) at room 
temperature (23°C-25°C). Upon removal from solution, the samples were carefully rinsed 
with CH2Cl2.   
 
3.2.3.3 Mitsunobu reaction 
 Mixed monolayer chips were placed in a three neck round bottom flask. Aza-
bis(oxazoline) ligand (1a or 1b) and triphenylphosphine were added. THF was added and 
then the reaction flask was placed in an oil bath at 50°C. Under N2, diethyl 
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azodicarboxylate was added and the reaction was hand-stirred for 2 hours. Hand-stirring 
the reaction is required because the glass slides break easily if stir bars are used. The 
procedure of hand-stirring is taking the reaction flask and swirling in a circular motion 
over the period of the reaction time.  The samples were removed from the reaction 
mixture and rinsed with dichloromethane to remove reagents loosely bound to the 
surface.  
 
3.2.4 Surface characterization  
3.2.4.1 DRIFT 
The substrates were studied using diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFT) (Thermo Nicolet-NEXUS 470 FT-IR) to analyze the alkyl chain 
ordering of the molecules on the surface. The spectra were recorded under nitrogen to 
eliminate the background signals due to CO2 and H2O adsorption bands. Unmodified 
gold substrates were used as the background spectra. 1024 scans were collected for each 
sample with a 4 cm-1 resolution.   
 
3.2.4.2 AP MALDI-TOF MS 
Atmospheric pressure matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (AP MALDI-TOF MS) was used to analyze the monolayer and to 
determine if the aza-bis(oxazoline) ligands were attached to the monolayer surface before 
and after use in the cyclopropanation reaction. A high-resolution AP MALDI (Aglient 
Tech) with pulsed dynamic focusing was used. MS analysis of the ions were detected in 
the positive mode using a 337 nm N2 laser, pulse width of 20 ns, a capillary voltage of 
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3500 V, fragmentor voltage of 260V, skimmer voltage of 40 V, and drying temperature 
of 325C. External calibration was done using an ES-TOF tuning mix of 10 masses for the 
range of 100-2300m/z. Three to five areas of each sample were characterized using the 
MALDI-TOF. The spectra were collected by uniformly moving the laser in a circular 
pattern across the sample for 1 min. The spectra were reproducible within a single sample 
and using different samples. The matrix, α-cyano-4-hydroxycinnamic acid (CHCA) 
(Sigma-Aldrich, >99.0% purity), was used without further purification and dissolved in 
9/1 ratio of the solvents CH2Cl2/EtOH (0.9ml CH2Cl2 and 0.1ml ethanol for a total 
volume of 1ml). The ratio of matrix (CHCA) to solvent was 10mg/ml. The matrix 
fragmentation can be observed in each of the spectra.  
 
3.2.4.2.1 AP MALDI-TOF MS Sample preparation 
MALDI preparation was done by dried-drop method where a 1μl aliquot of the matrix 
solution was dropped onto each sample and then dried at room temperature. The matrix 
solution was added after rinsing of the samples to remove loosely bound material. This 
method of sample preparation yields a uniform layer of matrix crystals on the samples. 
The samples were then mounted onto a MALDI sample plate using double-sided tape and 
loaded onto the MALDI. Analyte ionization was achieved by focusing a laser pulse onto 
the sample/matrix mixture. 
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3.2.5 Cyclopropanation procedures 
3.2.5.1 Homogeneous asymmetric cyclopropanation of styrene and ethyl 
diazoacetate 
 
The benchmark cyclopropanation reaction was preformed according to literature 
procedure7.    
Under nitrogen atmosphere Cu(OTf)2(3.6 mg. 0.01 mmol) and aza-bis(oxazoline) ligand 
a-b (6.2 mg. 0.022mol) were dissolved in anhydrous CH2Cl2 to produce a light green 
solution. Phenylhydrazine (22ul of a 5% solution) was added and the green color 
disappeared. Addition of styrene (312mg 3mmol, 345ul) and then ethyl diazoacetate 
(EDA) (1mmol, 1ml of an 8% solution in CH2Cl2 diluted with 7 ml CH2Cl2) was added 
over 4 hours. The reaction mixture was allowed to stir 5 hours. The solvent was 
evaporated in vacuo to give a green oil. The reaction products were purified by p-TLC. 
 
3.2.5.2 Heterogeneous asymmetric cyclopropanation of styrene and ethyl 
diazoacetate 
 
The systems 2-4(a-b) (Figure 3.1) were added to a three neck round bottom flask and 
CH2Cl2 was added under nitrogen the copper pre-catalyst (1mg) was added to the reaction 
flask. This was hand-stirred for 10 min and the phenylhydrazine (20ul of a 5% solution) 
was added. Addition of styrene (312mg 3mmol, 345ul) and then EDA (1mmol, 1ml of an 
8% solution in CH2Cl2 diluted with 7ml of CH2Cl2) was added over 4 hours. The reaction 
was hand-stirred for 5 hours. The catalytic chips were removed and the reaction solvent 
was evaporated and the reaction products were purified by p-TLC. 
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3.2.6 Purification and analysis of cyclopropanation products   
3.2.6.1 Purification and NMR analysis for yield and stereoselectivity 
The cyclopropane products were purified using p-TLC. The solvent ratio of 96/4 
hexane/diethyl ether was used. CH2Cl2 was used to remove the products from the silica 
gel. The solvent was evaporated under vacuum to yield colorless oil. The oil was then 
analyzed by 1H NMR and integration of the cis and trans peaks gave the ratio of cis and 
trans isomers. The yield of the reaction was determined by first weighing the products 
before addition of NMR solvent and integration of the cis/trans peaks along with the peak 
due to side products. 
 
3.2.6.2 Purification and enantiomeric excess determination  
The cis and trans isomers were separated from each other by p-TLC using TLC sheets 
and the solvent ratio of 96/4 hexane/diethyl ether. CH2Cl2 was used to remove the 
respective isomer products from the silica gel. The solvent was evaporated in vacuo to 
yield colorless oils for both isomers. The cis and trans isomers were analyzed by 1H 
NMR to show separation of the two isomers. Addition of the chiral shift reagent to the 
NMR samples and then the NMR samples were analyzed to give the enantiomeric 
excess.17-20
 
3.2.7 Statistical Analysis 
Cyclopropanation reactions for both the homogeneous and heterogeneous phases were 
preformed six times. Based upon the data obtained from the multiple trials the student t 
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test for differences in means was preformed to assess the statistical difference in the 
enantiomeric excess values obtained between each system.  
 
t (statistic t) = ((mean data set 1)-(mean data set 2))/(pooled standard deviation)[square 
root (((number of data points of 1)+(number of data points of 2))/(((number of data points 
of 1)(number of data points of 2)))] 
 
The critical value of t at the 99.9% confidence level for 10 degrees of freedom is 4.59. If 
the test statistic t which is the value obtained for the student t test for differences in 
means is less than the critical value of t then there is no statistical difference between the 
systems. If the value of t is greater than 4.59, the two catalytic systems being compared 
are considered to be statistically different.      
    
3.3 Results  
3.3.1 Immobilization   
Overall, to explore the three different surface orientations, mixed SAMs on gold 
in a 1:9 ratio of alkanethiols with hydroxyl and methyl tail groups were prepared. The 
aza-bis(oxazoline) ligands were then immobilized on the hydroxyl-terminated 
alkanethiols using a Mitsunobu reaction. The cyclopropanation test reaction for the study 
is that of ethyl diazo-acetate and styrene. Ethyl diazo-acetate was chosen because of the 
compound’s increased steric bulk compared to methyl diazo-acetate.   
All of the mixed monolayer chips were prepared using a 2mM alkanethiol 
solution using a 1:9 ratio of hydroxyl, and methyl tail group alkanethiols in ethanol. The 
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alkanethiol with the hydroxyl tail group was 11-mercaptoundecanol, which was constant 
throughout the study. The alkanethiol with the methyl tail group was varied using 1-
dodecanethiol (Scheme 3.1, system 2), 1-octanethiol (Scheme 3.1, system 3) and 
octadecanethiol (Scheme 3.1, system 4) to change the steric environment around the 
catalytic system. Monolayers were formed by solution deposition method in the 
alkanethiol solution for four hours at room temperature. The samples were rinsed, and 
analyzed by DRIFT IR to confirm SAM formation (Figure 3.2a, 3.2b).  
 
Scheme 3.1. Synthesis of immobilization of aza-bis(oxazoline) ligands on the surface of 
mixed monolayers. 
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In the IR spectra (Figure 3.2 a,b) C-H stretches of the methylene groups of the 
alkane chains are used as the reference peaks for SAM organization.21-23 The C-H 
stretches have two common vibrations seen at ~ 2850 cm-1 (symmetric) and ~2918 cm-1 
(antisymmetric). These two wavenumber values can shift to higher or lower frequencies 
depending on the ordering of the alkane chain. A shift to higher frequencies (νCH2 asym > 
2918 cm-1) corresponds to a disordered monolayer with cis interactions in the alkyl 
chain.24-25 A shift to lower frequencies (νCH2 asym < 2918 cm-1) corresponds to an 
ordered monolayer with all-trans interactions in the alkyl chain. In the spectrum of the 
mixed monolayer systems νCH2asym = 2917 cm-1 and νCH2sym = 2849 cm-1, indicating that 
an ordered monolayer is formed (Figure 3.2 a,b). The small stretch at 2955 cm-1 is due to 
the C-H stretching of the methyl tail groups (Figure 3.2 a,b dashed line).   
 
Figure 3.2. a,b IR spectrum before and after immobilization of the aza-bis(oxazoline) 
tert-butyl substituted ligand 2a, IR spectrum before and after immobilization of the aza-
bis(oxazoline) methyl substituted ligand. 2b,The dash line is before immobilization and 
the solid line is after immobilization of the ligand. The range of the IR spectrum is 3050 
to 2750 cm -1. 
 
Formation of catalytic systems 2a and 2b (Scheme 3.1) started with a mixed 
monolayer of 11-mercaptoundecanol and 1-dodecanethiol. The ligands (bis[4,5-dihydro-
(4S)-(1,1-dimethylethyl)-1,3-oxazole-2-yl]-amine (Scheme 3.1, 1a) and  bis[4,5-dihydro-
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(4S)-(methyl)-1,3-oxazole-2-yl]-amine (Scheme 3.1, 1b) were attached via a Mitsunobu 
reaction to hydroxyl tail groups in the mixed monolayer. Systems 3a and 3b (Scheme 3.1) 
were formed using mixed monolayers of 11-mercaptoundecanol and 1-octanethiol, which 
was then used in the Mitsunobu reaction so as to attach ligands 1a and 1b (Scheme 3.1) to 
the tail groups of the monolayer. Systems 4a and 4b (Scheme 3.1) were formed using 
mixed monolayer of 11-mercaptoundecanol and octadecanethiol.  
In the IR spectra after attachment of the ligand (Figure 3.2a, 3.2b solid line), the 
stretch (2955 cm-1) due to C-H of methyl groups has a greater intensity compared to the 
intensity before attachment of the ligand. This is due to the presence of the ligand and its 
methyl-containing R groups. The width of the peak is due to overlapping CH stretches 
from CH groups in the ligand and monolayer. The stretch at 1200 cm-1(Figure 3.3) is due 
to a tertiary amine indicating that the ligand was in fact immobilized to the surface of the 
monolayer. The stretch at 1125 cm-1 is due to the ether group present in the ligand 
structure.26  These peaks are not present in the IR spectrum prior to immobilization.   
 
Figure 3.3. IR spectrum after immobilization of the aza-bis(oxazoline) tert-butyl 
substituted ligand. The range of the IR spectrum is 1500 to 900 cm -1. 
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 3.3.2 Cyclopropanation reaction 
The aza-bis(oxazoline) immobilized monolayer gold chips were then activated 
with the copper pre-catalyst (Cu(OTf)2), and used in the cyclopropanation reaction 
between ethyl diazoacetate (EDA) and styrene (Scheme 3.2). Using phenylhydrazine, the 
copper(II) species was reduced to the copper(I) species, which is the active catalyst. The 
homogeneous cyclopropanation reaction was performed according to literature 
procedure7. The amount of pre-catalyst was reduced from 3.6mg to 1mg. The reduction in 
pre-catalyst is because the amount of ligand immobilized is less than the amount used in 
the homogenous phase.     
 
Scheme 3.2. Benchmark Cyclopropanation reaction 
The ratio of the trans to the cis isomer was determined first by separation of the 
products from the starting materials by preparatory thin layer chromatography (p-TLC). 
After purification of the products, the cis/trans ratio of the cyclopropanation products was 
determined. Based upon the yield of the purified products, and 1H NMR the percent yield 
of the cyclopropanation products was determined.  
In this study the enantiomeric excess of the cyclopropane products was 
determined by 1H NMR with the use of the chiral lanthanide shift reagent Europium 
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tris[3-(heptafluoro-propylhydroxymethylene)-(+)-camphorate. Lanthanide shift reagents 
have seen recent  use in enantiomeric excess determinations.17-20 Chiral NMR methods 
using lanthanide shift reagents offer many advantages, such as easy handling, low cost, 
and nondestructive analysis.17-20 Chiral GC, and HPLC could also be used to analyze 
enantiometric excess but for this study access to GC, and HPLC was not convenient. 
Comparable results for the homogeneous phase to the literature values shows that chiral 
NMR is a viable alterative for enantiomeric excess determinations, when access to GC 
and/or HPLC is not available.17-20 The diastereomers were separated using p-TLC, 
analyzed by 1H NMR to check separation, and then the chiral shift reagent was added to 
the NMR samples of the two isomers. The NMR samples were analyzed by 1H NMR 
after 25 minutes and again 2 hours after addition to verify complete separation of the 
enantiomers. The homogeneous reaction, and a control experiment using only the copper 
catalyst without ligand were performed, and the enantiomeric excess was determined by 
use of chiral shift reagent, and comparable to literature values7. 
 
3.3.2.1 Bis[4,5-dihydro-(4S)-(1,1-dimethylethyl)-1,3-oxazole-2-yl]-amine copper(I) 
catalytic systems  
 
The homogenous and heterogeneous Bis[4,5-dihydro-(4S)-(1,1-dimethylethyl)-
1,3-oxazole-2-yl]-amine copper(I) catalytic systems were tested in the cyclopropanation 
reaction, and the results are listed in Table 3.1. In these systems tert-butyl groups are 
present in the C2 positions.          
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Table 3.1 Cyclopropanation results of the homogeneous and heterogeneous Bis[4,5-
dihydro-(4S)-(1,1-dimethylethyl)-1,3-oxazole-2-yl]-amine Copper(I) Catalyst in the 
benchmark reaction of styrene and ethyl diazoacetate in dichloromethane, room 
temperature   
 
Catalytic 
System 
Catalyst 
mol% 
Cis/Trans 
ratioa
Trans ee%b 
(1S,2R) 
Cis ee%b 
(1S,2R) 
Yielda,c
1a 1% 20/80 (±1.50)d 87 (±1.21) 80 (±1.38) 71 
2a 0.27% 16/84 (±0.72) 93 (±0.50) 82e (±1.06) 74 
3a 0.27% 23/77 (±0.97) 85 (±0.55) 81 (±1.15) 69 
4a 0.27% 28/72 (±1.45) 44 (±0.98) 37 (±0.61) 76 
a Determined by NMR. 
b Determined by NMR with chiral shift reagent  
c Yield is the yield of the cyclopropanes (cis and trans) compared to the yield of all  
  products (cyclopropane and side products formed) 
d Sample standard deviation 
e The (1R,2S) enantiomer is formed over the (1S,2R) enantiomer  
 
The cis/trans ratio for the homogeneous system (Scheme 3.1, 1a) is 20/80. The 
enantiomeric excess for the trans isomer is 87% for system 1a (Table 3.1) and is 80% for 
the cis isomer (Table 3.1). In a similar system, Reiser and coworkers16 used 1a in the 
cyclopropanation reaction of styrene and methyl-diazoacetate and obtained 33/67 
cis/trans ratio which is lower than the results obtained but methyl diazoacetate has less 
steric bulk than ethyl diazoacetate. The enantioselectivity of system 1a agrees with 
literature values16. In system 2a (Scheme 3.1) the catalyst is even with the monolayer 
surface and in this orientation the cis/trans ratio of the cyclopropane products increases 
from 20/80 (Table 3.1, 1a) to 16/84.  
The enantiomeric excess of the tert-butyl aza-bis(oxazoline) catalyst even with the 
monolayer surface is 93% for the trans isomer. The difference in the enantiomeric excess 
for the trans isomer product from system 1a and system 2a is statistically different based 
on a 99.9% confidence level. Therefore, when the catalyst is even with the monolayer 
surface the enantiomeric excess is significantly improved through immobilization.   
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In system 2a the enantiomeric excess is 82% for the cis isomer. However in 
system 2a, enantiomer (1R,2S) is favored over enantiomer (1S,2R) for the cis isomer 
(Scheme 3.2). Comparison of the enantiomeric excess for the cis isomer for system 2a 
and system 1a shows that the difference in enantiomeric excess is not statistically 
different. Placing the catalyst even with the monolayer surface does not show an 
improvement in enantiomeric excess for the cis isomer, but there is a reversal in the 
enantioselectivity of the enantiomer formed.       
When the catalyst is above the surface (Scheme 3.1, 3a), the cis/trans ratio is 
23/77 which is similar to the homogeneous phase (Table 3.1, 1a). Comparison of the 
enantiomeric excess for the trans isomer for systems 1a (Table 3.1, 87%) and 3a (Table 
3.1, 85%) shows that the difference in enantiomeric excess of the two systems is not 
statistically different. The enantiomeric excess of the cis isomer for systems 1a and 3a 
(81%) is also not statistically different. The statistical treatment of the data indicates that 
this system (Scheme 3.1, 3a) may be a good “solution mimic”.   
When the catalyst is below the monolayer surface, (Scheme 3.1, 4a), the cis/trans 
ratio is 28/73, which is lower then the homogeneous phase (Table 3.1, 1a). In system 4a 
the enantiomeric excess for the trans isomer is 44% and is 37% for the cis isomer. 
Comparison of the enantiomeric excess of both the trans and cis isomers for systems 1a 
and 4a shows that the difference between the two systems is statistically different based 
on a 99.9% confidence level. If the catalyst is below the surface of the monolayer, then 
there is great reduction in the enantioselectivity of the system for the trans and cis 
isomers. Steric interactions between the alkane chains and the catalyst may cause the loss 
in enantioselectivity for the trans and cis isomers.  
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3.3.2.2 Bis[4,5-dihydro-(4S)-(methyl)-1,3-oxazole-2-yl]-amine copper(I) catalytic 
systems 
 
To further probe the effect of surface steric interactions between the monolayer 
and the catalyst, a less stericly demanding R group at the C2 position a methyl group was 
utilized. The bis[4,5-dihydro-(4S)-(methyl)-1,3-oxazole-2-yl]-amine copper(I) catalyst 
was tested in the three different surface orientations (Scheme 3.1). To prepare the 
catalytic systems, the copper pre-catalyst was added to the systems 1b-4b in the reaction 
solvent dichloromethane. The results of the homogeneous and heterogeneous systems are 
summarized in Table 3.2.    
Table 3.2 Cyclopropanation results of the homogeneous and heterogeneous Bis[4,5-
dihydro-(4S)-(methyl)-1,3-oxazole-2-yl]-amine Copper(I) Catalyst in the benchmark 
reaction of styrene and ethyl diazoacetate in dichloromethane, room temperature  
 
Catalytic 
System 
Catalyst 
Mol% 
Cis/trans 
ratioa
Trans ee%b 
(1S,2S) 
Cis ee%b 
(1S,2R) 
Yielda,c 
1b 1% 34/66 (±1.40)d 62 (±0.75) 58 (±0.72) 71 
2b 0.27% 9/91 (±0.65) 86 (±0.57) 89 e (±0.70) 68 
3b 0.27% 29/71 (±0.89) 59 (±0.55) 68 (±0.61) 79 
4b 0.27% 20/80 (±1.39) 52 (±0.52) 55 e (±0.71) 62 
a Determined by NMR.  
b Determined by NMR with chiral shift reagent  
c Yield is the yield of the cyclopropanes (cis and trans) compared to the yield of all  
   products (cyclopropane and side products formed) 
d Sample standard deviation  
e The (1R,2S) enantiomer is formed over the (1S,2R) enantiomer.  
   
When the catalytic system 2b (Scheme 3.1) was tested in the cyclopropanation 
reaction the cis/trans ratio increased from 34/66 (Table 3.2, 1b) in the homogeneous 
phase to 9/91 (Table 3.2, 2b). Therefore, when the catalyst was immobilized even with 
the monolayer surface (Scheme 3.1, 2b) the stereoselectivity greatly improved. The 
enantiomeric excess for system 2b for the trans isomer is 86% (Table 3.2, 2b). 
Comparison of systems 1b and 2b shows that the difference in the enantiomeric excess 
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for the trans isomer is statistically different based on a 99.9% confidence level. 
Immobilization of the catalyst even with the monolayer surface (Scheme 3.1, 2b) greatly 
improves the enantioselectivity for the trans product.  
In the case of system 2b the enantiomeric excess for the cis isomer is 89% (Table 
3.2, 2b). Statistical treatment of the enantiomeric excess of the cis isomer for systems 1b 
and 2b shows that the difference in enantioselectivity is statistically different based on a 
99.9% confidence level. Additionally, there is a reversal in the enantiomer produced so 
that enantiomer (1R,2S) (Scheme 3.2) is favored over enantiomer (1S,2R) (Scheme 3.2). 
The same selectivity reversal was seen in 2a. Therefore, presenting the catalyst at the 
interface is having a significant effect on the reaction mechanism.      
When the catalyst is above the monolayer surface as in the case of 3b (Scheme 
3.1) the cis/trans ratio is 29/71 which is comparable to the homogeneous phase. The 
enantiomeric excess for the trans isomer for system 3b is 59% (Table 3.2, 3b). Statistical 
treatment of the enantiomeric excess for the trans isomer for system 1b and 3b shows that 
the difference in enantioselectivity is not statistically different. This proves that when the 
catalyst is above the monolayer surface the system (3b) behaves like a “solution mimic” 
in terms of enantioselectivity for the trans isomer.                  
When the catalyst is below the surface (Scheme 3.1, 4b) the cis/trans selectivity is 
20/80, which is slightly better than 3b, but not as selective as 2b when the catalyst is level 
with the surface of the monolayer. The enantiomeric excess for trans isomer in system 4b 
is 52% (Table 3.2). Statistical treatment of the enantiomeric excess for the trans isomer 
for systems 1b and 4b shows that the difference in enantioselectivity is a statistically 
significant reduction. For the cis isomer the enantiomeric excess in system 4b is 55% 
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(Table 3.2, 4b). Comparison of the enantioselectivity for the cis isomer in systems 1b and 
4b shows that they are also statistically different.  For system 4b, the cis isomer product 
formed is a reversal of the usual enantiomer. The enantiomeric excess for both the trans 
and cis isomer is greater for 3b (Table 3.2) than 3a (Table 3.1) which shows that 
reduction in the steric bulk at the C2 position of the catalyst allows for greater 
enantioselectivity when immobilized below the monolayer surface.     
 
3.3.3 MALDI analysis of catalytic chips  
After the catalysis reaction, the chips were analyzed by atmospheric pressure 
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (AP 
MALDI-TOF MS) to determine whether the SAMs with the aza-bis(oxazoline) copper(II) 
complexes were still attached to the gold surface. The MALDI spectrum for 2a is shown 
in Figure 3.4. The peak at m/z 516.9364 is due to the aza-bis(oxazoline) copper complex 
attached to the thiol (+ H+). The peak at m/z 630.0579 is due to the aza-bis(oxazoline) 
copper complex attached to the 11-mercaptoundecanol (with five sodiums). The five 
sodiums could be coordinated to the copper (II) and the ligand’s oxygens, or nitrogens or 
the sulfur of the thiol chain. In Figure 3.5, the MALDI spectrum of 2b is shown and the 
peak at m/z 483.1486 is due to the aza-bis(oxazoline) attached to the 11-
mercatoundeacanol and five sodium atoms. This shows that the ligand was indeed 
attached to the monolayer surface and was not removed. Therefore, it can be concluded 
that the catalysts were indeed immobilized on the SAMs after the catalysis reaction. 
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Figure 3.4. A: MALDI spectrum of 2a after use in the cyclopropanation reaction. The 
peak at m/z 516.9364 is due to the aza-bis(oxazoline) copper complex attached to the 
thiol and one proton. The peak at m/z 630.0579 is due to the aza-bis(oxazoline) copper 
complex and five sodium. The other peaks are due to the matrix. B: MALDI spectrum of 
2b after use in the cyclopropanation reaction. The peak at m/z 483.1486 is the aza-
bis(oxazoline) ligand attached to the thiol and five sodium. The other peaks in the 
spectrum are due to the matrix.  
 
3.4 Discussion 
Overall, immobilization of the aza-bis(oxazoline) copper catalyst in the three 
different orientations with respect to the monolayer surface allowed for the analysis of 
the effect of surface interactions on the selectivity of the catalytic system.  
 
3.4.1 Catalyst above monolayer surface  
In system 3a and 3b, when the catalyst is above the monolayer surface, the 
selectivity of the systems is comparable to the homogeneous phase. This is most likely 
due to little steric interaction between the monolayer surface and catalytic site therefore, 
mimicking solution conditions.  
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3.4.2 Catalyst level with monolayer surface  
The most effective systems in terms of selectivity are 2a and 2b, where the 
backbone of the catalyst is even with the monolayer surface (Figure 3.1, A). The 
selectivity of system 2a (Scheme 3.1) is not as great as the 2b system, which could be due 
to the increased steric bulk of the tert-butyl groups located at the C2 position in 2a. By far 
the most promising system in terms of selectivity is 2b where the methyl substituted aza-
bis(oxazoline) copper catalyst is level with respect to the monolayer surface. 
 
Figure 3.5. Possible approach for catalytic systems level with monolayer surface.  
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In these systems, the trans isomer is favored and the favored enantiomer of the cis 
product is reversed from that of the other systems.  This may be accounted for by a 
hydrogen bonding interaction between the bulky ester group on the copper carbene and 
the hydroxyl groups present at the monolayer surface which may allow one face of the 
catalytic center to be partially occluded (Figure 3.5). This occlusion affects the approach 
of the phenol group of styrene accounting for the trans product being the major isomer as 
seen in Figure 3.5. In the case of the trans isomer the phenol group on styrene is pointed 
away from the monolayer surface. In the case of the cis isomer the phenol group of 
styrene is pointed toward the monolayer surface. Further, for the trans isomer approach B 
is favored over approach A because of the steric interaction between the ester group on 
the copper carbene and the R group at the C2 position of the ligand. Approach B forms 
the predominate trans isomer (1S,2S).  For the cis isomer in Figure 3.5 pathway B is 
favored over pathway A thus forming the predominate cis isomer (1R,2S). Finally, for 
systems 2a and 2b, system 2b has the greater increase in selectivity of the two systems 
because 2b has less steric bulk present at the C2 position of the catalyst and therefore 
does not interact with the monolayer significantly. While hydrogen bonding interactions 
between the ester group of the copper carbene and the hydroxyl groups present at the 
monolayer surface provide an explanation for the trans isomer selectivity and the reversal 
of the enantioselectivity for the cis isomer, further surface characterizations by scanning 
tunneling microscopy and computations need to be done to probe this hypothesis.    
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3.4.3 Catalytic below monolayer surface   
System 4a and 4b where the catalyst backbone is below the monolayer surface 
produced diminished selectivity. This is most likely due to steric hindrance and 
accessibility issues due to the surrounding alkyl chains at the catalytic site. 
 
3.5 Conclusion  
After evaluation of the three different surface orientations of the immobilized aza-
bis(oxazoline) catalysts the following trends can be extracted from the results. When the 
catalyst is above the monolayer surface, the cyclopropanation results were similar to the 
homogeneous phase, thus, producing a recyclable solution catalyst mimic. When the 
catalyst is below the monolayer surface, the cis/trans ratio is lower than the homogeneous 
phase and the enantiomeric excess for both the trans and cis isomers decreases. This 
decrease in selectivity could be due to the steric restriction imposed by the alkane chains 
causing both faces of the catalytic center to be equally disfavored. The best selectivity 
observed is when the catalyst is even with the monolayer surface. In this position, 
hydrogen bonding between the ester group of the copper carbene and the hydroxyl group 
present at the monolayer surface obscures one face of the catalyst thus favoring the trans 
isomer and causing the reversal in enantioselectivity for the cis isomer. The 2b catalytic 
system shows the greatest effect in terms of selectivity when level with the surface of the 
monolayer. The enhanced selectivity over 2a is due to less steric bulk at the C2 position 
of the catalyst. This decrease in steric bulk at the C2 position of the catalyst may allow 
for the ligand center to come in closer contact with the monolayer surface increasing 
selectivity.  Immobilization onto the SAM support material allows for a reduction in the 
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catalyst mol% for the heterogeneous systems compared to their homogeneous 
counterparts. This reduction in the catalyst mol% along for the control of selectivity 
dependent on catalyst location with respect with monolayer surface demonstrates the 
promise of this heterogeneous support material for the benchmark cyclopropanation 
reaction.  
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Chapter 4 
 
Immobilized aza-bis(oxazoline) copper catalysts on alkanethiol self-assembled 
monolayers on gold: Selectivity dependence on surface electronic environments  
  
 
Aza-bis(oxazoline) copper complexes have been immobilized onto alkanethiol self-
assembled monolayers on gold utilizing five background tail groups with different 
electronic characteristics. The catalyst was tested in the standard cyclopropanation 
reaction of ethyl diazo acetate and styrene. The five different tail groups were hydroxyl, 
bromine, carboxylic acid, ester, and nitrile. Enantioselectivity improved to 95% when the 
surrounding tail groups were hydroxyl and bromine terminated surfaces. The carboxylic 
acid and ester tail groups reduced the enantioselectivity compared to the homogeneous 
phase. Additionally, the homogeneous cyclopropanation reaction was performed in 
methanol, acetonitrile, ethyl acetate, and acetic acid to determine if similar trends in 
selectivity could be obtained by varying the homogenous electronic environment. 
However, the cyclopropanation reaction in these solvents gave greatly reduced selectivity 
and yield of the cyclopropane products demonstrating the positive aspects of 
immobilization of self assembled monolayer supports.    
 
4.1 Introduction 
 
Cyclopropane derivatives are important chemical compounds with interesting 
biological properties1 as well as utility in organic synthesis.2 Consequently extensive 
work has been devoted to the development of efficient diastereo- and enantioselective 
methods for the synthesis of cyclopropanes.3-8 One versatile method of cyclopropane 
synthesis is the transition metal-catalyzed cyclopropanation of olefins with diazo-
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compounds. In the literature many homogeneous transition metal catalytic systems have 
been developed which show high selectivity in the transition metal-catalyzed 
cyclopropanation reactions with copper, 5-7 rhodium, 8 and cobalt4,9.  Nitrogen ligands 
with C2 symmetry such as bis(oxazoline), 4-6,8 and aza-bis(oxazoline)7 form superior 
catalysts for the cyclopropanation reaction. Traditional transition metal catalysts have 
been immobilized on solid supports, such as organic polymers, 10-15 inorganic solids,10-15 
and colloids16. Immobilization of transition metal catalysts allows for further 
modification of the ligand systems which may produce selectivity enhancements and cost 
reduction through the ability to recycle the catalyst multiple times.             
In the previous chapter, the aza-bis(oxazoline) copper complexes were 
immobilized onto self assembled monolayers with three different surface orientations: 
even, above, and below monolayer surface.17 Orientating the catalyst even with the 
monolayer surface obtained the greatest selectivity in the cyclopropanation reaction. This 
enhanced selectivity may be the result of hydrogen bonding between the copper carbene 
and the surface hydroxyl groups.17 The enhanced selectivity obtained by immobilizing 
the catalyst even with the monolayer surface prompted the study in to the influence of 
changing the electronic properties of the tail group molecules in the monolayer 
surrounding the catalyst. 
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 Figure 4.1. The catalytic cycle for the copper catalyzed cyclopropanation reaction of 
ethyl diazoacetate and styrene.  
  
The generally accepted catalytic pathway for the copper catalyzed 
cyclopropanation reaction of ethyl diazoacetate and styrene is shown in Figure 4.1.18,19 
There are two proposed mechanisms which account for this reaction pathway, the 
concerted and stepwise20. There are opinions and data to support both mechanisms and 
this work will not illuminate either side of this on-going discussion. However, one 
interesting interaction called the secondary effect will be touched upon in this paper. 
Initially proposed by Doyle, 21 the nucleophilic oxygen of the polar carbene substituent 
can stabilize the developing electropositive center of the reacting alkene as shown in 
Figure 4.2. This “secondary” effect is similar to the one which controls endo selectivity in 
the Diels-Alder reaction. In the literature, modification of the polar group of the metal 
carbene has allowed for effective diastereocontrol 20-25. Modification of the polar group 
of the metal carbene requires synthesis of multiple diazo compounds.     
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 Figure 4.2. The secondary effect of the oxygen of the polar copper carbene stabilizing the 
developing electropositive center of the reacting alkene. The orientation of the phenol or 
hydrogen depends on the steric influence of the catalyst.   
 
Another way of controlling the electronic influences in the cyclopropanantion 
reaction without modification of the polar substituent of the metal carbene may be the 
addition of solid supports with electron withdrawing and donating groups present near the 
catalytic site. These electron withdrawing and donating groups can interact with the 
catalytic site through hydrogen bonding and dipole-dipole intermolecular interactions. 
Based on the secondary effect the presence of surface carbonyl groups will have a 
profound influence on the selectivity of the system. The surface carbonyl groups near the 
catalytic site will reduce selectivity of the system because they can stabilize the 
electropositive center of the reacting alkene, allowing the complex to adopt a new 
orientation. This new orientation allows for the production of cyclopropanes with 
opposite stereochemistry. By changing the orientation of the reacting alkene with respect 
to the catalytic center the selectivity of the system will be affected.  If addition of surface 
carbonyl groups has little influence on the selectivity of the catalytic system then it can 
be concluded that the secondary effect has minimal influence on the selectivity of the 
system. In Figure 4.3 the three main electronic environments are depicted A) hydroxyl 
surface, B) halogen surface where surface bromine groups are present, C) carbonyl 
surfaces with carboxylic acid and ester substitutents presented at the surface. 
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 Figure 4.3. Electronic environments A) hydroxyl surface, B) halogen surface, C) 
carbonyl surface    
 
4.2 Experimental  
4.2.1 Materials 
 
All chemicals and solvents were used as received. Thin-layer chromatography 
(TLC) was preformed with Merck 60 F254 silica gel plates. Visualization of compounds 
on the silica gel plates was accomplished by UV light. 1H NMR spectra were obtained at 
room temperature on a Bruker Avance 400 MHz spectrometer with chemical shifts given 
in ppm relative to the residual solvent peak (CDCl3, 7.26 ppm). 
  
 Starting materials for ligand synthesis were as follows: (S)-tert-leucinol (98% 
Aldrich), benzaldehyde (Aldrich), p-tolouenesulfonic acid monohydrate (99% Acros) 
methanol certified ACS (Fisher).  
 
Starting materials for alkanethiol synthesis were as follows: 10-undecenoic acid 
methyl ester (98% TCI), 11-bromo-1-undecene (96% Alfa Aesar), azo-bis-
isobutyronitrile (98% Sigma-Aldrich), thiolacetic acid (96% Aldrich), hydrochloric acid 
(ACS Fisher Scientific), trityl chloride (98% Aldrich), acetonitrite (HPLC grade Fisher 
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scientific), acrylonitrite (99% Sigma-aldrich) trifluroacetic acid (98% Sigma-aldrich), 
triethylsilane (99% Aldrich).   
     
Starting materials for self-assembled monolayer formation were as follows: 11-
mercapto-1-undecanol (97% Aldrich), 11-mercaptoundecanoic acid (95% Aldrich), 9-
mercapto-1-nonanol (96% Aldrich). 
 
Starting materials for gold substrate preparation were as follows: aluminum wire 
(99.999% Kurt J. Lesker), chromium pieces (99.998% Kurt J. Lesker), gold wire (99.99% 
Kurt. J. Lesker) and microscope cover glass (Fisher Scientific).  
 
Starting materials for the Mitsunobu reaction were as follows: diethyl 
azodicarboxylate (40 wt% solution in toluene Aldrich) and triphenylphosphine (99% 
Aldrich). 
 
Starting materials for the cyclopropanation reaction were as follows: styrene (98% 
Acros), ethyl diazoacaetate (Aldrich), dichloromethane (99.9% Acros), phenylhydrazine 
(95% Acros) and Cu(OTf)2 (98% Aldrich).  
 
4.2.2 Aza-bis(oxazoline) ligand synthesis 
  
Bis[4,5-dihydro-(4S)-(1,1-dimethylethyl)-1,3-oxazole-2-yl]-amine (1a) was prepared 
according to literature procedure7.  
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4.2.3 Preparation of heterogeneous catalyst  
 
4.2.3.1 Gold substrate preparation  
 
Glass microscope slides were cleaned with ethanol and dried under a stream of nitrogen 
for 10 min. Aluminum was deposited onto the glass slides by thermal vapor deposition at 
a pressure of 3 x 10-6mbar. Gold was deposited onto the aluminum-coated glass slides by 
thermal vapor deposition at a pressure of 3 x 10-6 mbar.  
 
4.2.3.2 Thiol synthesis  
 
4.2.3.2.1 Bromine tail group thiol 
 
4.2.3.2.1.1 Bromine tail group thiol ester (11-bromoundecyl-ethanethioate) 
 
In a three neck round bottom flask wrapped with Al foil 25ml methanol, azo-bis 
isobutyronitrile (0.152mmol, 25mg), and thiolacetic acid (8.60 mmol, 0.655ml), and 11-
bromo-1-undecene (3.92mmol, 0.915ml) were added. The reaction mixture was stirred 
under UV light for 12 hours. 
 
4.2.3.2.1.2 Bromine tail group thiol (11-bromoundecane-1-thiol) 
 
11-bromoundecyl-ethanethioate (2.92mmol, 0.9 grams) was added to a round bottom 
flask with 20ml methanol, and then 2ml of hydrochloric acid was added. The reaction 
mixture was refluxed overnight. (1H NMR (400 MHz, CDCl3 RT) δ 3.38 ppm (t, 2H, J= 7 
Hz), 2.49 ppm (q, 2H, J= 7 Hz), 1.83 ppm, (q, 2H J= 7 Hz), 1.58 ppm (q, 2H, J= 7 Hz)  
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4.2.3.2.2 Ester tail group thiol  
 
4.2.3.2.2.1 Ester tail group thiol ester (methyl 10-(acetylthio)-undecanoate) 
 
To a three neck round bottom flask wrapped with Al foil, 25ml methanol, azo-bis 
isobutyronitrile (0.152mmole, 25mg), and thiolacetic acid (8.60mmol, 0.655ml), and 10-
undecenoic acid (4.61mmol, 0.915ml) were added. The reaction mixture was stirred 
under UV light for 12 hours.  
 
4.2.3.2.2.2 Ester tail group thiol (methyl 10-mercaptodecanoate) 
 
Methyl 10-(acetylthio)-undecanoate (3.45mmol, 0.9 grams) was added to a round bottom 
flask with 20ml methanol, followed by 2ml of hydrochloric acid. The reaction mixture 
was refluxed overnight. (Yield 72%) 1H NMR (400 MHz, CDCl3 RT) δ 3.67 ppm (s, 3H), 
2.52 ppm (q, 2H, J=8, 7 Hz), 2.31 ppm (t, 2H, J= 7 Hz), 1.73 ppm (s, 1H), 1.62 ppm ( m, 
2H), 1.50 ppm (m, 2H) 1.32 ppm (m 6H)  
 
4.2.3.2.3 Nitrile tail group thiol 
 
4.2.3.2.3.1 Addition of protecting group 
 
11-mercapto-1-undecanol (8.978mmol, 1.833grams), trityl chloride (6.27mmol, 
1.75grams), and 40ml THF were added to a three neck round bottom flask. The reaction 
mixture was stirred under nitrogen for 14 hours. Purification of crude product was 
performed by filtration of crude product with 2/1 ethyl acetate/hexane. The protected 
thiol was then used in the next step of the synthesis.    
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4.2.3.2.3.2 Addition of nitrile group to protected thiol  
 
10mg NaOH, protected thiol (0.828mmol, 360mg), and 15ml acetonitrile were added to 
round bottom which was wrapped with Al foil and placed under nitrogen. After drop-
wise addition of acrylonitrite (1.51mmol, 80ul) the reaction was allowed to stir overnight 
under nitrogen. The reaction mixture was quenched with distilled water and then 
extracted with CH2Cl2, dried with MgSO4 and then evaporation of CH2Cl2. The nitrile tail 
group protected thiol was then used in the next step of the synthesis.  
 
4.2.3.2.3.3 Nitrile tail group thiol (3-((11-mercaptoundecyl)oxy)propane-nitrile) 
 
Nitrile tail group protected thiol (0.260mmol, 127mg), trifluroacetic acid (13.15mmol, 
1.5ml), (1.37mmol, 0.160ml) triethylsilane, and 20ml CH2Cl2 were added to a round 
bottom flask. The reaction mixture was then stirred under nitrogen overnight. 
Evaporation of CH2Cl2 and then column chromatography 50/50 hexane/CH2Cl2 to 100 
CH2Cl2 produced a colorless precipitate. (Yield 54%) 1H NMR (400 MHz, CDCl3 RT) δ 
3.65 ppm (t, 2H, J=7, 6 Hz), 3.48 ppm (t, 2H, J=9, 7 Hz), 2.60 ppm (t, 2H, J=7 Hz), 2.53 
ppm (q, 2H, J=7 Hz) 1.65 ppm (m, 4H), 1.55 ppm (s, 1H), 1.28 ppm (m, 10H)      
 
4.2.3.3 SAM preparation  
 
Gold substrates were immersed in a 2mM ethanolic solution of alkanethiols (10:90) 
(hydroxyl: background tail group), overnight at room temperature (23°C-25°C). Upon 
removal from solution, the samples were carefully rinsed with CH2Cl2 and dried under a 
stream of nitrogen (Scheme 1). The mixed monolayer chips were analyzed and then 
utilized in the immobilization of the aza-bis(oxazoline) ligand.   
 
 86
4.2.3.4 Mitsunobu reaction (Ligand immobilization)  
 
The ligand was immobilized to the SAM surface via a surface mitsunobu reaction as in 
the literature17. Mixed monolayer chips were placed in a three-necked round bottomed-
flask. Aza-bis(oxazoline) ligand (1a) and triphenylphosphine were added. THF was 
added and then the reaction flask was placed in an oil bath at 50°C. Under N2, diethyl 
azodicarboxylate was added and the reaction was handed stirred17 for 2 h. The samples 
were removed from the reaction mixture and rinsed with dichloromethane to remove 
reagents loosely bound to the surface.  
 
4.2.4 Surface characterization  
 
4.2.4.1 Diffuse Reflectance Infrared Fourier Transform (DRIFT) 
 
The chips were studied using diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFT) (Thermo Nicolet-NEXUS 470 FT-IR) to analyze the alkyl chain ordering of the 
molecules on the surface. The spectra were recorded under nitrogen to eliminate the 
background signals due to CO2 and H2O adsorption bands. Unmodified gold substrates 
were used as the background spectra. 1024 scans were collected for each sample with a 4 
cm-1 resolution.   
 
4.2.4.2 AP MALDI-TOF MS  
 
Atmospheric pressure matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (AP MALDI-TOF MS) was used to analyze the monolayer and to 
determine if the aza-bis(oxazoline) ligands were attached to the monolayer surface before 
and after use in the cyclopropanation reaction. A high-resolution AP MALDI TOF MS 
(Aglient Tech) with pulsed dynamic focusing was used. MS analysis of the ions were 
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detected in the positive mode using a 337 nm N2 laser, pulse width of 20 ns, a capillary 
voltage of 3500 V, fragmentor voltage of 260V, skimmer voltage of 40 V, and drying 
temperature of 325°C. External calibration was done using an ES-TOF tuning mix of 10 
masses for the range of 100-2300m/z. Three to five areas of each sample were 
characterized using the MALDI-TOF. The spectra were collected by uniformly moving 
the laser in a circular pattern across the sample for 1 min. The spectra were reproducible 
within a single sample and across different samples. The matrix, α-cyano-4-
hydroxycinnamic acid (CHCA) (Sigma-Aldrich, >99.0% purity), was used without 
further purification and dissolved in 9/1 ratio of the solvents CH2Cl2/EtOH (0.9ml 
CH2Cl2 and 0.1ml ethanol for a total volume of 1ml). The ratio of matrix (CHCA) to 
solvent was 10mg/ml. The matrix fragmentation can be observed in each of the spectra.    
 
4.2.5 Cyclopropanation procedures  
 
4.2.5.1 Homogeneous asymmetric cyclopropanation of styrene and ethyl 
diazoacetate  
 
The cyclopropanation reaction was performed according to the literature7 with the 
following changes.  
 
Under nitrogen atmosphere Cu(OTf)2(3.6 mg. 0.01 mmol) and aza-bis(oxazoline) ligand 
a (6.2 mg. 0.022mol) was dissolved in anhydrous CH2Cl2 to produce a light green 
solution. Phenylhydrazine (22ul of a 5% solution) was added and the green color 
disappeared. Styrene (312mg 3mmol, 345ul) and then ethyl diazoacetate (EDA) (1mmol, 
1ml of an 8% solution in CH2Cl2 diluted with 7 ml CH2Cl2) was added over 4 hours. The 
reaction mixture was allowed to stir 5 hours. The solvent was evaporated in vacuo to give 
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green oil. The reaction products were purified by p-TLC (purification and separation of 
the trans and cis isomers was accomplished by preparation thin layer chromatography). 
 
4.2.5.2 Heterogeneous asymmetric cyclopropanation of styrene and ethyl 
diazoacetate  
 
The heterogeneous cyclopropanation reaction was performed according to the literature17  
The systems 2-4(a-b) (Scheme 1) were added to a three neck round bottom flask and 
CH2Cl2 was added under nitrogen. The copper pre-catalyst (1mg) was added to the 
reaction flask. This was hand-stirred for 10 min and the phenylhydrazine (20ul of a 5% 
solution) was added. Addition of styrene (312mg 3mmol, 345ul) and then EDA (1mmol, 
1ml of an 8% solution in CH2Cl2 diluted with 7ml of CH2Cl2) was added over 4 hours. 
The reaction was hand-stirred for 5 hours. The catalytic chips were removed and the 
reaction solvent was evaporated and the reaction products were purified by p-TLC. 
 
4.2.6 Purification and analysis of cyclopropanation products  
 
The cyclopropane products were purified using p-TLC. The solvent ratio of 96/4 
hexane/diethyl ether was used. CH2Cl2 was used to remove the products from the silica 
gel. The solvent was evaporated under vacuum to yield a colorless oil product. The oil 
was then analyzed by 1H NMR and integration of the cis and trans peaks gave the ratio of 
cis and trans isomers. The yield of the reaction was determined by first weighing the 
products before addition of NMR solvent and integration of the cis/trans peaks along with 
the peak due to side products. 
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4.2.6.1 Purification and enantiomeric excess determination  
 
The cis and trans isomers were separated from each other by p-TLC and the solvent ratio 
of 96/4 hexane/diethyl ether. CH2Cl2 was used to remove the respective isomer products 
from the silica gel. The solvent was evaporated in vacuo to yield colorless oil for both 
isomers. The cis and trans isomers were analyzed by 1H NMR to show separation of the 
two isomers. Addition of the chiral shift reagent europium tris[3-
(heptafluoropropylhydroxymethylene)-(+)-camphorate]  to the NMR samples was used to 
determine the enantiomeric excess.26-29
 
4.3 Results 
 
4.3.1 Immobilization  
 
Five different monolayer systems (Scheme 4.1) were prepared by formation of 
mixed monolayers on gold in a 1:9 ratio of alkanethiols of 11-mercapto-undecanol to one 
of the following alkanethiols: 11-mercapto-undeacanol, 11-bromoundecane-1-thiol, 11-
mercapto-undecanoic acid, 10-mercaptodecanoate, 3-((11-mercaptoundecyl) 
propanenitrile) thus generating the five different environments (Scheme 4.1). (9-
mercapto-1-nonanol was used in the place of 11-mercapto-undecanol for the ester system 
to enhance the packing with the shorter chain ester thiol.) The aza-bis(oxazoline) ligand 
was then immobilized on the hydroxyl-terminated alkanethiols using a Mitsunobu 
reaction (Scheme 4.1). These background tail groups can interact with the catalyst 
resulting in differences in the stereo- and enantioselectivity of the cyclopropanation 
products. 
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Scheme 4.1. Immobilization of aza-bis(oxazoline) on the different surfaces  
  
The catalytic chips were prepared and characterized by MALDI and IR. Analysis 
of the chips before and after use in the cyclopropanation reaction was accomplished by 
MALDI and IR. Figure 4.4 shows the MALDI spectrum of system 2a after use in the 
cyclopropanation reaction. The peaks at 630.0579 and 516.9364 indicate the presence of 
the catalyst attached to the thiol chain. The peak at m/z 516.9364 is due to the aza-
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bis(oxazoline) copper complex attached to the thiol and one proton. The peak m/z 
630.0579 is due to the aza-bis(oxazoline) copper complex and five sodium atoms. 
 
Figure 4.4. MALDI spectrum 2a after use in the cyclopropanation reaction. The peak at 
m/z 516.9364 is due to the aza-bis(oxazoline) copper complex attached to the thiol and 
one proton. The peak m/z 630.0579 is due to the aza-bis(oxazoline) copper complex and 
five sodium atoms. The other peaks are due to the matrix.       
 
In the IR spectra after attachment of the ligand (Figure 4.5 solid line), the stretch 
(2955 cm-1) due to C-H of methyl groups has a greater intensity compared to the intensity 
before attachment of the ligand. This is due to the presence of the ligand and its methyl-
containing t-butyl groups. The width of the peak is due to overlapping CH stretches from 
CH groups in the ligand and monolayer (Figure 4.5). 
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 Figure 4.5. IR spectrum before (dashed) and after (solid) immobilization of the aza-
bis(oxazoline) ligand. The range of the IR spectrum is 3050 to 2750 cm-1.  
 
4.3.2 Heterogeneous electronic environment  
The catalytic chips were then tested in the cyclopropanation reaction of ethyl 
diazoacetate and styrene (Scheme 4.2). In the cyclopropanation reaction phenylhydrazine 
was used to reduce the copper (II) to the copper (I) state which is the active catalyst for 
the reaction. There are four potential cyclopropane products obtained in this reaction 
(Scheme 4.2).    
 
Scheme 4.2. Cyclopropanation reaction of ethyl diazoacetate and styrene. 
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The results of the cyclopropanation reaction are tabulated in Table 4.1. The 
strereoselectivity was determined by 1H NMR, and enantioselectivity was determined by 
1H NMR with the aid of  the chiral shift reagent europium tris[3-
(heptafluoropropylhydroxymethylene)-(+)-camphorate].    
Table 4.1. Cyclopropanation results of the homogeneous and heterogeneous Bis[4,5-
dihydro-(4S)-(1,1-dimethyl)-1,3-oxazole-2-yl]-amine copper(I) catalyst in the reaction of 
styrene and ethyl diazo-acetate in dichloromethane.a   
 
Catalytic 
system 
Cis/Trans ratiob 
(1.43)c
Cis ee% 
(1S,2R)d (0.95)e
Trans ee% 
(1S,2S)d (0.75)f
Yieldb,g
1a  20/80 (± 1.50)h 80 (± 1.14) 87 (± 1.09) 71 
2a  14/86 (± 1.38) 80I (± 1.00) 95 (± 0.50) 70 
3a  20/80 (± 1.43) 62I (± 0.80) 95 (± 0.55) 73 
4a  19/81 (± 1.36) 6 (± 0.90) 50 (± 0.75) 67 
5a  14/86 (± 1.25) 51 (± 0.78) 49 (± 0.65) 64 
6a  16/84 (± 1.62) 80 (± 1.01) 78 (± 0.80) 75 
a Statistical treatment performed by student t test with a 99.9% confidence level. Ten 
degrees of freedom and critical value of t equals 4.59. Two systems are statistically 
different when test statistic t is greater then the critical value of t. 
b Determined by 1H NMR 
c Pooled standard deviation (cis/trans ratio) 
d Determined by 1H NMR with the aid of chiral shift reagent 
e Pooled standard deviation (cis isomer enantiomeric excess) 
f Pooled standard deviation (trans isomer enantiomeric excess) 
g Isolated yield  
h Sample standard deviation  
I The (1R,2S) enantiomer is formed in excess of the (1S,2R)  
 
 In the homogeneous phase (Scheme 4.1, 1a) the trans isomer enantiomeric excess 
is 87% (Table 4.1) and cis isomer enantiomeric excess is 80% for the standard 
cyclopropanation reaction (Scheme 4.2). The homogeneous phase gives good 
enantioselectivity for the cyclopropanation reaction of styrene and ethyl diazoacetate. 
While the introduction of background tail groups impacts the enantioselectivity 
depending on the choice of background tail group.  
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The presence of background surface hydroxyl groups (Scheme 4.1, 2a) has a 
positive impact on the enantioselectivity of the system compared to the homogeneous 
phase (Table 4.1, 1a). The enantiomeric excess for the trans isomer is 95% (Table 4.1). It 
should be noted that 95% is the detection limit of our method so these systems may have 
higher enantioselectivity. Additionally for the hydroxyl surface (Scheme 4.1, 2a) a 
reversal in the favored enantiomer is seen for the cis isomer (Table 4.1, 2a). For the cis 
isomer in the hydroxyl electronic environment system the (1R, 2S) enantiomer is formed 
in excess over the (1S, 2R) enantiomer which is seen in the homogeneous phase. This 
reversal was observed in some of our previous immobilized systems.17
The enantioselectivity (95% Table 4.1, 3a) of the bromine terminated surface 
(Scheme 4.1, 3a) is enhanced for the trans isomer compared to the homogeneous phase 
(Table 4.1, 1a). This enantioselectivity is comparable to the hydroxyl electronic 
environment (Table 4.1, 2a). The presence of the surface bromines also causes a reversal 
in the favored enantiomer for the cis isomer. The same effect as observed in the hydroxyl 
system. However, the enantioselectivity is slightly reduced compared to the hydroxyl 
environment.  
The presence of interfacial carbonyl groups (Scheme 4.1, 4a, 5a) causes the 
enantioselectivity of the system to decrease significantly compared to the homogeneous 
phase (Table 4.1, 1a). This is seen in both the carboxylic acid and ester cases. The 
enantiomeric excess for the trans isomer is 50% (Table 4.1, 4a) for the carboxylic acid 
surface (Scheme 4.1, 4a) and a comparable enantiomeric excess for the trans isomer 
(49% Table 4.1, 5a) is obtained for the ester surface (Scheme 4.1, 5a). This is a dramatic 
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decrease in the enantiomeric excess when compared to the homogeneous phase (87% 
Table 4.1, 1a).  
The stereoselectivity of the catalytic system with background nitrile groups (Table 
4.1, 6a) is slightly enhanced compared to the homogeneous phase (Table 4.1, 1a).   The 
presence of surface background nitrile groups gave enantioselectivity comparable to the 
homogeneous phase for the cis isomer. However, the addition of background nitrile 
groups had a negative impact the enantioselectivity for the trans isomer compared to the 
homogeneous phase.  
    
4.3.3 Homogeneous electronic environment  
 
To determine if mimicking the effects of the electronic systems was possible in 
the homogeneous system, various solvents were utilized. The homogeneous 
cyclopropanation reaction (Scheme 4.2) was performed in the solvents presented in Table 
4.2.       
Table 4.2. Cyclopropanation results of the homogeneous Bis[4,5-dihydro-(4S)-(1,1-
dimethyl)-1,3-oxazole-2-yl]-amine copper(I) catalyst in the reaction of styrene and ethyl 
diazo-acetate in various solvents  
 
Solvent Cis/trans 
ratioa
Cis ee% 
(1S,2R)b
Trans ee% 
(1S,2S)b
Yielda,c 
Dichloromethane 20/80 80 87 71 
Methanol 40/60 48 53d 45 
Acetonitrile  37/63 71 64 68 
Ethyl acetate  -e - - Trace amount 
Acetic acid  - - - Trace amount 
a Determined by 1H NMR 
b Determined by 1H NMR with the aid of chiral shift reagent 
c Isolated yield  
d The (1R,2S) enantiomer is formed in excess over the (1S,2R) enantiomer  
e Not determined due to trace amount of product formation   
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When the cyclopropanation reaction (Scheme 4.2) was performed in methanol or 
acetonitrile the selectivity of the system decreased (Table 4.2) compared to 
dichloromethane, which is the standard solvent for the reaction. However, when the 
cyclopropanation reaction was performed in ethyl acetate and acetic acid only trace 
amounts of the cyclopropane products were obtained (Table 4.2) and this was not enough 
for proper cis/trans ratio determination. Thus, changing solvents effectively showed that 
the stereo- and enantioselectivity found in the heterogeneous systems is unique.   
 
4.4 Discussion  
 
Overall modification of the surface environment around the aza-bis(oxazoline) 
copper catalyst influenced the selectivity of the systems in the cyclopropanation reaction 
of styrene and ethyl diazo acetate. The selectivity obtained in the heterogeneous phase 
(Table 4.1) could not be obtained in the homogenous phases (Table 4.2) where the 
solvents contained the same functional groups; hydroxyl, nitrile, carboxylic acid, and 
ester. This demonstrates that these functional groups are only effective in the 
heterogeneous phase to give their respective enhancements or reductions in enantio-
selectivity.  
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 Figure 4.6. A, B, C, and E are the potential intermolecular interactions between the 
catalytic site and the hydroxyl surface. D is the potential interaction between the catalytic 
site and the bromine surface. F is the potential interaction between the catalytic site and 
the carbonyl surfaces.   
 
The control of enantioselectivity by modification of the electronic environment 
around the catalytic site is believed to be caused by intermolecular interactions between 
the background surface molecules and the copper carbene. Figure 4.6 demonstrates the 
potential intermolecular interactions that may occur with each respective surface. In the 
hydroxyl and bromine surfaces the electric forces cause the catalytic site to orient closer 
to the monolayer surface therefore enhancing surface steric influence on the catalytic site 
and selectivity. The alignment of the catalytic site and the background surface molecules 
according to attraction of their partially positive and partially negative regions enhances 
the surface steric influence thus combining both an electronic (dipole-dipole or hydrogen 
bonding) effect along with steric effect. The enantiocontrol for both the hydroxyl and 
bromine systems are comparable for the trans isomer. These electric forces would favor 
the formation of trans isomer B as seen in Figure 4.7. 
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 Figure 4.7. Proposed reaction pathways  
 
A hydrogen bonding interaction between the copper carbene and the hydroxyl tail 
groups accounts for the reversal in the favored enantiomer for the cis isomer (Figure 4.7). 
In Figure 4.7 it can be seen that because of this hydrogen bonding interaction with the 
surface hydroxyl groups the (1R,2S) is favored over the (1S,2R) enantiomer for the cis 
isomers. This environment allows for hydrogen bonding between the surface hydroxyl 
groups and the ester of the copper carbene stabilizing the same interaction seen in our 
past catalytic study17. Increasing the concentration of the background surface hydroxyl 
groups has a positive impact on the enantioselectivity for the trans isomer. Due to the 
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strong intermolecular interaction of hydrogen bonding this orientation is favored over 
that of the ester of the copper carbene positioned away from the monolayer surface. 
In the bromine system an enhancement in enantioselectivity was also observed. This may 
be due to dipole-dipole interactions between the copper carbene and the electronegative 
bromine tail groups. This dipole-dipole interaction causes the catalyst to orient closer to 
the monolayer surface.  
 
Figure 4.8. Homogeneous phase secondary effect   
 
In the homogeneous phase the secondary effect stabilizes the electropositive 
center of the reacting alkene leading to the formation of the experimentally favored 
enantiomers (Figure 4.8).  The presence of surface carbonyl groups allows for surface 
stabilization of the electropositive center of the reacting alkene thus generating the 
opposite enantiomers of the trans and cis isomers (Figure 4.9). The ability to stabilize the 
electropositive center of the reacting alkene has a negative effect on the enantioselectivty 
of the system because this allows for the production of both enantiomers of the trans and 
cis isomer. 
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Figure 4.9. Heterogeneous phase secondary effect where surface carbonyl groups are 
present.  
 
If both points of stabilization (Figures 4.8, 4.9) are available then a mixture of the 
two enantiomers will be formed thus reducing the enantiocontrol of the catalytic system. 
For the substrates where surface carbonyl groups are present the enantioselectivity of the 
system decreases (Table 4.1).  These results support the influence of the secondary effect 
in the selectivity of our heterogeneous catalytic systems.   
 
4.5 Conclusion 
In an immobilized catalytic system modification of the electronic character of the 
molecules around the catalyst influences the selectivity of the catalyst in the 
cyclopropanation reaction of ethyl-diazo acetate and styrene. The presence of surface 
hydroxyl and bromine groups enhances the enantioselectivity of the trans isomer. Also 
presence of these surface groups causes the reversal of the favored enantiomer for the cis 
isomer. Carbonyl groups reduce the enantioselectivity. To demonstrate the fact that these 
functional groups can only be present in the heterogeneous phases to give their respective 
enhancements or reductions in selectivity, homogenous systems were evaluated. The 
solvent of the reaction was changed to mimic the heterogeneous systems. Comparison of 
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the homogeneous and heterogeneous electronic phases did not show a similar trend in the 
selectivity. The homogeneous systems showed greatly reduced selectivity and yield of 
cyclopropane products for all solvents. Our group has developed a simple method of 
influencing enantioselectivity of the aza-bis(oxazoline) copper catalyst by modification 
of the electronic environment around the catalyst.                   
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Chapter 5 
 
Immobilized aza-bis(oxazoline) copper catalysts on SAMs: Catalytic chip recycling  
 
 
The potential of transforming homogenous catalytic systems to heterogeneous systems 
lies in their ability to be recycled and, in general, reduce solvent, and ligand usage, and 
cost. This is especially true for homogeneous catalytic systems that require high catalyst 
loading, such as the aza-bis(oxazoline) system. Here, the aza-bis(oxazoline) copper 
catalyst immobilized by self assembled monolayers on gold chips, has been recycled 
multiple times in the benchmark cyclopropanation reaction of ethyl diazo acetate and 
styrene. The duration of this heterogeneous catalytic system is dependent on the stability 
of the gold substrate layer, and the reaction solvent. Modification of these two parameters 
has improved the duration of the catalytic chips. For example, changing the reaction 
solvent, and thermal treatment of the gold substrate layer before SAM formation, allowed 
for the catalytic chips to be recycled ten times. This catalytic chip recycling is important 
because it addresses the problem associated with homogeneous catalysts, such as excess 
cost, and waste generation.  
 
5.1 Introduction 
Enantioselective reactions, promoted by chiral catalysts, constitute an area of 
great interest in organic chemistry.18 The decision to utilize homogeneous or 
heterogeneous catalysts to accomplish these reactions is a topic of debate. Heterogeneous 
catalysts allow for recycling of the costly transition metal catalyst, and chiral ligands. In 
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some systems, this advantage outweighs the increased selectivity obtained by their 
homogeneous counterparts. Therefore, if one could combine the advantages of both types 
of catalysts in a heterogeneous system, it would be very desirable. Our group has 
introduced a heterogeneous system where aza-bis(oxazoline) copper catalyst is 
immobilized onto self-assembled monolayer (SAM) supports (Scheme 5.1). This 
heterogeneous system gives enhanced selectivity, and recycling capabilities.            
The standard test reaction is the asymmetric cyclopropanation reaction between 
styrene and ethyl diazoacetate. Cyclopropane derivatives are an important family of 
chemical compounds with interesting biological properties, 1 as well as starting materials, 
and intermediates in organic synthesis.2 Consequently, extensive work has been devoted 
to the development of efficient diastereo- and enantioselective synthetic methods for 
cyclopropane production.3-8 Homogeneous transition metal catalytic systems have shown 
high selectivity in the transition metal-catalyzed cyclopropanation reactions with copper, 
5-7 rhodium, 8 and cobalt4,9. Bis(oxazoline), 4-6,8 and aza-bis(oxazoline)7 form superior 
catalysts for the cyclopropanation reaction.  Transition metal catalysts have been 
immobilized on solid supports, such as organic polymers, 10-15 inorganic solids, 10-15 and 
colloids16.      
The reusability of the heterogeneous aza-bis(oxazoline) copper complexes will be 
addressed  with slight modification of the reaction conditions in terms of solvent and 
preparation of gold substrate. Modification of these two parameters should allow for 
enhanced reusability of the heterogeneous catalytic systems. The conditions of three 
different methods of recycling are outlined in scheme 5.1. In Method B the reaction 
solvent is changed from styrene to toluene to eliminate the polystyrene side reaction. In 
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method C, the gold substrates were thermally treated before monolayer formation, to 
enhance the interaction between the gold and adhesion layer, to reduce peeling of the 
gold substrate. 
 
 
Scheme 5.1. Modification of the recycling conditions. In Methods A and B only the 
solvent is varied. In Method C thermal treatment of the gold substrate at  500°C for four 
hours followed by SAM formation and immobilization of aza-bis(oxazoline) ligand. In 
Method C after immobilization the chips the cyclopropanation reaction was performed 
under Method B conditions.        
 
5.2. Experimental 
5.2.1 Materials 
All chemicals and solvents were used as received. Thin-layer chromatography 
(TLC) was preformed with Merck 60 F254 silica gel plates, and compounds were 
visualized with UV light. 1H NMR spectra were obtained at room temperature on a 
Bruker Avance 400 MHz spectrometer with chemical shifts given in ppm relative to the 
residual solvent peak (CDCl3, 7.26 ppm). 
 
Starting material for ligand synthesis were as follows: (S)-tert-Leucinol (98% 
Aldrich), (S)-(+)-2-amino-1-propanol (98% Acros), benzaldehyde (Aldrich), p-
toluenesulfonic acid monohydrate (99% Acros) methanol Certified ACS (Fisher). 
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Starting materials for self assembled monolayer formation were as follows: 11-
mercapto-1-undecanol (97% Aldrich). 
 
Starting materials for gold substrate preparation were as follows: chromium 
pieces (99.999% Kurt J. Lesker), gold wire (99.99% Kurt J. Lesker), and microscope 
cover glass (Fisher Scientific).   
 
Starting materials for the Mitsunobu reaction were as follows: diethyl 
azodicarboxylate (40 wt% solution in toluene Aldrich) and triphenylphosphine (99% 
Aldrich).  
 
Starting materials for the cyclopropanation reaction were as follows: styrene (99% 
Acros) ethyl diazoacetate (Aldrich), dichloromethane (99.9% Acros), phenylhydrazine 
(95% Acros) and Cu(OTf)2 (98% Aldrich).  
 
5.2.2 Aza-bis(oxazoline) ligand synthesis  
Bis[4,5-dihydro-(4S)-(1,1-dimethylethyl)-1,3-oxazole-2-yl]-amine (1a) was prepared 
according to literature procedure.7  
 
5.2.3 Preparation of heterogeneous catalyst  
5.2.3.1 Gold substrate preparation  
Glass microscope slides were cleaned with acetone/deionized-water (50/50 ratio) and 
allowed to air dry. Chromium was deposited onto the glass slides by thermal vapor 
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deposition at a pressure of 3 x 10-6 mbar. Gold was deposited onto the aluminum coated 
glass slides by thermal vapor deposition at a pressure of 3 x 10-6 mbar.  
 
5.2.3.2 SAM preparation  
Gold chips were immersed in a 2mM solution of alkanethiols, (ethanol, 4 hours) at room 
temperature (23°C-25°C). Upon removal from solution, the samples were carefully rinsed 
with CH2Cl2.   
 
5.2.3.3 Mitsunobu reaction 
 Mixed monolayer chips were placed in a three neck round bottom flask. Aza-
bis(oxazoline) ligand (1a) and triphenylphosphine were added. THF was added and then 
the reaction flask was placed in an oil bath at 50°C. Under N2, diethyl azodicarboxylate 
was added and the reaction was hand-stirred for 2 hours. Hand-stirring the reaction is 
required because the glass slides break easily if stir bars are used. The procedure of hand-
stirring is taking the reaction flask and swirling in a circular motion over the period of the 
reaction time.  The samples were removed from the reaction mixture and rinsed with 
dichloromethane to remove reagents loosely bound to the surface.  
 
5.2.4 Cyclopropanation procedures  
5.2.4.1 Homogeneous asymmetric cyclopropanation of styrene and ethyl 
diazoacetate 
 
The benchmark cyclopropanation reaction was preformed according to literature 
procedure7.    
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Under nitrogen atmosphere Cu(OTf)2(3.6 mg. 0.01 mmol) and aza-bis(oxazoline) ligand  
(6.2 mg. 0.022mol) were dissolved in anhydrous CH2Cl2 to produce a light green 
solution. Phenylhydrazine (22ul of a 5% solution) was added and the green color 
disappeared. Addition of styrene (312mg 3mmol, 345ul) and then ethyl diazoacetate 
(EDA) (1mmol, 1ml of an 8% solution in CH2Cl2 diluted with 7 ml CH2Cl2) was added 
over 4 hours. The reaction mixture was allowed to stir 5 hours. The solvent was 
evaporated in vacuo to give a green oil. The reaction products were purified by p-TLC. 
 
5.2.4.2 Method A: Recyclability cyclopropanantion reaction cycle  
Catalytic chips were added to a three neck round bottom flask and styrene was added. For 
the first run copper pre-catalyst (1mg) was added to activate the catalytic chips. After 
activation the reaction flask was then added to a preheated oil bath (70-75C). Under 
nitrogen EDA was added in one addition. The reaction mixture was hand-stirred for 5 
hours. The catalytic chips were then removed and the reaction products purified by p-
TLC. After use in the cyclopropanation reaction the catalytic chip were rinsed with 
dichloromethane and dried. The catalytic chips were then re-used in the cyclopropanation 
reaction using the above procedure with the following exception that the copper pre-
catalyst was not added to activate the chips.  
 
5.2.4.3 Method B: Recyclability cyclopropanantion reaction cycle  
Catalytic chips were added to a three neck round bottom flask and toluene was added. For 
the first run copper pre-catalyst (1mg) was added to activate the catalytic chips. After 
activation the reaction flask was then added to a preheated oil bath (70-75C). Under 
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nitrogen styrene was then added to the reaction flask then EDA was added in one 
addition. The reaction mixture was hand-stirred for 5 hours. The catalytic chips were then 
removed and the reaction products purified by p-TLC. After use in the cyclopropanation 
reaction the catalytic chip were rinsed with dichloromethane and dried. The catalytic 
chips were then re-used in the cyclopropanation reaction using the above procedure with 
the following exception that the copper pre-catalyst was not added to activate the chips.  
 
5.2.5 Purification and analysis of cyclopropanation products   
5.2.5.1 Purification and NMR analysis for yield and stereoselectivity 
The cyclopropane products were purified using p-TLC. The solvent ratio of 96/4 
hexane/diethyl ether was used. CH2Cl2 was used to remove the products from the silica 
gel. The solvent was evaporated under vacuum to yield colorless oil. The oil was then 
analyzed by 1H NMR and integration of the cis and trans peaks gave the ratio of cis and 
trans isomers. The yield of the reaction was determined by first weighing the products 
before addition of NMR solvent and integration of the cis/trans peaks along with the peak 
due to side products. 
 
5.2.5.2 Purification and enantiomeric excess determination  
The cis and trans isomers were separated from each other by p-TLC using TLC sheets 
and the solvent ratio of 96/4 hexane/diethyl ether. CH2Cl2 was used to remove the 
respective isomer products from the silica gel. The solvent was evaporated in vacuo to 
yield colorless oils for both isomers. The cis and trans isomers were analyzed by 1H 
NMR to show separation of the two isomers. Addition of the chiral shift reagent to the 
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NMR samples and then the NMR samples were analyzed to give the enantiomeric 
excess.17-20
 
5.3 Results 
5.3.1 Immobilization 
The general method of attachment of the aza-bis(oxazoline) ligand to the 
hydroxyl monolayer surface is accomplished by a surface Mitsunobu reaction (Scheme 
5.2). 17 In the surface Mitsunobu reaction the aza-bis(oxazoline) ligand is reacted with the 
11-mercapto-undecanol monolayer chips in the presence of diethyl azodicarboxylate 
(DEAD), and triphenylphosphine (PPH3). The reaction mixture was placed in an oil bath 
set at 50˚C, and hand-stirred for two hours. The chips are then removed from the reaction 
mixture, and rinsed with dichloromethane to remove reagents loosely bound to the 
surface.           
 
Scheme 5.2. Immobilization of aza-bis(oxazoline) on hydroxyl surface 
 
5.3.2 Cyclopropanation results  
 
In Method A the adhesion layer between the gold and glass surface is chromium 
which should prove to enhance the ability of the catalytic chips to withstand peeling of 
the gold layer compared to our previous catalytic systems which utilized aluminum layer. 
However, modification of the adhesion layer had little effect on the stability of the 
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catalytic chips in the styrene solvent. Table 5.1 contains the results of recycling the 
heterogeneous system in all three methods.   
Table 5.1 Catalytic recycling results for all three recycling methods  
Cycle Catalyst 
mol% 
Cis/transa Cis ee%b  
(1S, 2R) 
Trans ee%b 
(1S,2S) 
Yieldc
Method A: Cyclopropanation conditions reaction solvent styrene, temperature 75°C    
w/o ligand 1% 5/95 - 7 66 
Homo (1a) 1% 5/95 - 58 65 
1 0.27% 28/72 83d 80 70 
2 0.27% 32/68 90d 82 68 
3 0.27% 25/75 76d 79 69 
4 0.27% 27/73 80d 86 67 
5 0.27% 26/74 72d 56 68 
Method B: Cyclopropanation conditions reaction solvent toluene, temperature 75°C      
1a toluene standardf 1% -e - - - 
1a toluene heatingg 1% 28/72 54 92 83 
1 0.27% 29/71 77d 95 84 
2 0.27% 31/69 65d 95 84 
3 0.27% 24/76 70d 95 80 
4 0.27% 30/70 57d 86 86 
5 0.27% 27/73 93d 95 85 
6 0.27% 27/73 77d 81 81 
7 0.27% 25/75 76d 67 76 
Method C: Cyclopropanation conditions thermal pretreatment of gold substrate, reaction 
solvent toluene, temperature 75°C  
1 0.27% 25/75 61d 92 81 
2 0.27% 26/74 69d 93 77 
3 0.27% 27/73 73d 90 80 
4 0.27% 28/72 88d 88 75 
5 0.27% 23/77 85d 83 78 
6 0.27% 29/71 80d 84 77 
7 0.27% 27/73 87d 94 80 
8 0.27% 25/75 80d 89 81 
9 0.27% 26/74 85d 81 74 
10 0.27% 30/70 77d 95 72 
a Determined by NMR 
b Determined by NMR with chiral shift reagent  
c Isolated yield  
d The (1R, 2S) enantiomer is formed over the (1S, 2R) enantiomer  
e No reaction   
f The benchmark homogeneous cyclopropanation reaction was performed utilizing 
toluene as the solvent. This reaction was preformed at 25°C and phenylhydrazine to 
convert the copper (II) to the copper (I) state. 
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g The homogeneous cyclopropanation reaction was performed untilizing toluene as the 
solvent and the temperature of the reaction mixture was 75°C in the presence of ethyl 
diazoacetate to convert the copper(II) to the copper(I) state.   
 
5.3.2.1 Method A: Reusability results for the catalytic chips in the styrene reaction 
solvent   
 
In Method A, the catalytic chips (Scheme 5.1, 2a) were recycled up to five times 
in the cyclopropanation reaction. To recycle the chips they were heated in the presence of 
ethyl diazo acetate in styrene.17 Heating the catalytic chips in this fashion, reduces the 
copper(II) to the copper(I) state, which is the active catalyst. The enantioselectivity for 
the trans isomer remains constant through cycles 1-4 (Table 5.1), and then dramatically 
decreases in the final cycle. This drop in enantioselectivity is due to the fact that the 
catalytic chips were badly deformed during the final cycle. The gold layer was removed 
from all but one chip. The stereoselectivity remained relatively constant for the five 
cycles of the catalytic chips. The homogeneous system showed a greater stereoselectivity 
then the heterogeneous system.     
The recycling results in Table 5.1 clearly demonstrate the ineffectiveness of 
styrene as the reaction solvent, for our heterogeneous systems. Elimination of the 
potential polystyrene production can be accomplished by utilization of toluene as the 
reaction solvent.  This polystyrene production could be causing the deformation of the 
catalytic chips.  
 
5.3.2.2 Method B: Reusability results for the catalytic chips in the toluene reaction 
solvent  
 
The recycling results for our heterogeneous system with toluene (Method B) as 
the reaction solvent are presented in Table 5.1. The stereoselectivity of the system 
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remained relativity constant for all seven cycles of the catalytic chips. There was no 
difference in stereoselectivity between the homogeneous and heterogeneous systems in 
the toluene method (Table 5.1).  
In the homogeneous phase the enantioselectivity of the trans isomer was 92% and 
in the heterogeneous phase for the first cycle the enantioselectivity was 95% (Table 5.1). 
The enantioselectivity for the trans isomer remained a constant 95% for the first three 
cycles of the catalytic chips. In the fourth cycle the enantioselctivity dropped to 85% for 
the trans isomer and then rebounded back to 95% (Table 5.1) in the fifth cycle. In the 
final cycle of the catalytic chips the enantioselectivity decreased to 67%. This decrease in 
enantioselectivity was not as dramatic compared to the final cycle in Method A. 
Modification of the reaction solvent to toluene and the adhesion layer did not stop the 
catalytic chip deformation. However, these changes did allow for increase in the 
reusability of the catalytic chips.  
 
5.3.2.3 Method C: Reusability results for the catalytic chips with thermal 
pretreatment of the gold substrate  
 
In Method C the gold substrates were thermally treated at 500°C for four hours 
before monolayer formation in hopes of enhancing chip reusability. Table 5.1 contains 
the recycling results for catalytic chips prepared by Method C. The thermal treatment of 
the catalytic chips allowed for ten cycles of reuse of the catalytic chips before 
deformation.               
The stereoselectivity remained comparable to the homogeneous phase and non-
thermally treated chips (Table 5.1, Method A and B). The enantioselectivity for the trans 
isomer in the first three cycles remained constant, then slightly decreased after the fourth 
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cycle. In the seventh cycle the enantioselectivity for the trans isomer rebounded to 94% 
(Table 5.1). A moderate decrease in the 9th cycle was observed and then an increase for 
the tenth cycle for the trans isomer enantiomeric excess.    
Throughout all ten cycles there was a reversal of the favored enantiomer for the 
cis isomer. This effect has been observed in these immobilized systems, and it is 
interesting to note that the reversal remains constant throughout the lifetime of the 
catalytic chips. The enantioselectivity for the cis isomer was moderately low for the first 
two cycles (Table 5.1). Deformation of the catalytic chips was observed after the tenth, 
and final cycle.      
 
5.4 Conclusion 
In summary the aza-bis(oxazoline) copper catalyst immobilized onto self-
assembled monolayers are effective heterogeneous catalysts for the cyclopropanation 
reaction between ethyl diazoacetate and styrene. Modification of the solvent, and gold 
substrate improves the reusability of the chiral heterogeneous system. This may be 
improved further with other changes, such as the use of an e-beam evaporation system. 
This study shows that the use of self-assembled monolayer as heterogeneous supports, 
not only allows for highly selective systems, but also recyclable catalytic systems. In 
closing this recycling study demonstrates the effectiveness of self-assembled monolayer 
supports as potential alternatives to homogeneous systems.   
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Chapter 6 
 
Enantioselective glyoxylate-ene reactions catalyzed by bis(oxazoline) and aza-
bis(oxazoline) copper complexes: Homogeneous and Heterogeneous systems 
  
 
The versatility of the SAMs support material for use in catalytic systems was 
demonstrated by utilization in the catalytic enantioselective carbonyl-ene reaction 
between ethyl glyoxylate and α-methylstyrene. Both bis(oxazoline) and aza-
bis(oxazoline) copper complexes were investigated in homogeneous phase. The role of 
electron withdrawing group on the central nitrogen of the aza-bis(oxazoline) ligand was 
investigated. Synthesis of a homogeneous aza-bis(oxazoline) analog with a electron 
withdrawing group (carbonyl) was developed as a control for the immobilized system. 
The aza-bis(oxazoline) complex was immobilized on SAM supports through an amide 
attachment. Counter ion effects were also studied in the homogeneous and heterogeneous 
phases. The heterogeneous catalytic chips were recycled six times with moderate loss of 
enantioselectivity until the final two catalytic cycles.  
 
6.1 Introduction 
Enantioselective  carbonyl-ene reactions promoted by catalytic amounts of chiral 
Lewis acid catalysts, are an excellent route to chiral homoallylic alcohols.1 The 
glyoxylate-ene reaction is one of particular significance, as it provides chiral –hydroxy 
esters, which posses great biological properties and synthetic importance.2 Whitesell 
described the first asymmetric carbonyl-ene reaction using auxiliary based glyoxylate.3 
The first example of a catalytic enantioselective ene reaction was reported by Yamamoto 
and co-workers.4  This work lead to an explosion of activity in this area, where major 
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advances by Mikami,5 Evans,6 and others7-9. The title glyoxylate-ene reaction of interest 
is depicted in Scheme 6.1.    
Despite this interest in carbonyl-ene reactions the mechanism remains unclear. 
Hillier investigated the mechanism through DFT and ONIOM (DFT:PM3) calculations 
which disfavored the concerted mechanism.9 These computational studies predicted the 
reaction proceeds via a stepwise mechanism, with very low barriers. The transition metal 
catalyst can be viewed as a simple enophile activator.9              
 
 
Scheme 6.1. Traditional glyoxylate-ene reaction 
 
Immobilization of BOX-Ph ligand, which has a phenol group at the C2 position of 
the ligand, onto various support systems has been studied in the literature.10 The first 
example of the immobilization of BOX-Ph was in 2002, when the ligand was 
immobilized onto the PEG support material, and tested in the benchmark carbonyl-ene 
reaction.11 This heterogeneous system gave excellent enantioselectivity and yield. The 
heterogeneous system was also recycled two times with marginal loss of efficiency. Since 
then support material systems for immobilization of the BOX Ph copper complexes 
include polymers, 11-13 perfluorinated ligands, 14-16 zeolite-Y matrix, 17 and gold 
nanoparticles18. Titanium(IV) 19-22 and palladium 23 complexes were also immobilized on 
support systems, and tested in the carbonyl-ene reaction. Two main limitations of these 
systems for industrial use are the expense of the ligand, and the high catalyst loading (1-
20mol% catalyst) required.             
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The homogeneous ligand systems studied in this work are presented in Figure 6.1. 
The bis(oxazoline) ligand (Figure 6.1, 2a) has been studied by multiple groups. This is 
the first time the aza-bis(oxazoline) ligand (Figure 6.1, 1a) has been reported for use in 
the glyoxylate-ene reaction. It was envisioned that the presence of an electron 
withdrawing group on the central nitrogen of the aza-bis(oxazoline) ligand (Figure 6.1, 
3a), would enhance the enantioselectivity and yield.      
 
Figure 6.1. Homogeneous ligand systems 1a. aza-bis(oxazoline), 2a. bis(oxazoline), 3a. 
aza-bis(oxazoline) with electron withdrawing group on the central nitrogen. 
 
The aza-bis(oxazoline) ligand allows for easy attachment of the ligand onto solid 
support systems. Alkanethiol self-assembled monolayers are proven effective supports 
materials for heterogeneous cyclopropanation catalysis. Their utility in the carbonyl-ene 
catalytic reaction will be addressed. The three different heterogeneous systems are 
presented in Figure 6.2. System 6a with the catalyst above the monolayer surface should 
provide a solution catalyst mimic, as seen in the previous cyclopropanation systems.     
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Figure 6.2. Heterogeneous ligand systems 4a. carboxylic acid surface, 5a. hydroxyl 
surface, 6a. catalyst above the monolayer surface.  
 
Both the homogeneous and heterogeneous systems were tested in the glyoxylate-
ene reaction. A detailed comparison between the catalytic phases will be discussed. The 
effectiveness of the electron withdrawing group on the central nitrogen respect to the 
enantioselectivity, and yield will be addressed.    
 
6.2. Experimental 
6.2.1 Materials 
All chemicals and solvents were used as received. Thin-layer chromatography 
(TLC) was preformed with Merck 60 F254 silica gel plates, and compounds were 
visualized with UV light. 1H NMR spectra were obtained at room temperature on a 
Bruker Avance 400 MHz spectrometer with chemical shifts given in ppm relative to the 
residual solvent peak (CDCl3, 7.26 ppm). 
  
Starting materials for ligand synthesis were as follows: (S)-tert-Leucinol (98% 
Aldrich), benzaldehyde (Aldrich), p-toluenesulfonic acid monohydrate (99% Acros) 
methanol Certified ACS (Fisher). 
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 Starting materials for self assembled monolayer formation were as follows: 11-
mercapto-1-undecanol (97% Aldrich), stearyl mercaptan (97% TCI America), 1-
octanethiol (97% Acros), 1-doecanethiol (98% Alfa Aesar). 
 
Starting materials for gold substrate preparation were as follows: aluminum wire 
(99.999% Kurt J. Lesker), gold wire (99.99% Kurt J. Lesker), and microscope cover glass 
(Fisher Scientific).  
 
Starting materials for amide attachment immobilization were as follows: N, N’-
dicyclohexylcarbodiimide (99% Aldrich), triethyl amine (99% Aldrich)    
 
 6.2.2 Aza-bis(oxazoline) ligand synthesis  
Bis[4,5-dihydro-(4S)-(1,1-dimethylethyl)-1,3-oxazole-2-yl]-amine (1a) was prepared 
according to literature procedure.24   
 
6.2.3 Preparation of heterogeneous catalyst  
6.2.3.1 Gold substrate preparation  
Glass microscope slides were cleaned with acetone/deionized-water (50/50 ratio) and 
allowed to air dry. Aluminum was deposited onto the glass slides by thermal vapor 
deposition at a pressure of 3 x 10-6 mbar. Gold was deposited onto the aluminum coated 
glass slides by thermal vapor deposition at a pressure of 3 x 10-6 mbar.  
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6.2.3.2 SAM preparation  
Gold chips were immersed in a 2mM solution of alkanethiols, (ethanol, 4 hours) at room 
temperature (23°C-25°C). The composition of the 2mM alkanethiol solutions were as 
follows carboxylic acid monolayers: 11-mercaptoundecanoic acid, hydroxyl monolayers: 
1:9 11-mercaptoundecanoic acid: 11-mercaptoundecanol, catalyst above monolayer 
surface: 1:9 11-mercaptoundecanoic acid: 1-octanethiol. Upon removal from solution, 
the samples were carefully rinsed with CH2Cl2. 
 
6.2.3.3 Surface amide reaction 
Mixed monolayer chips were placed in a flask. To the reaction flask the solvent mixture 
1:5 triethylamine (2ml), dichloromethane(10ml) was added. Aza-bis(oxazoline) ligand 
(4mg, 0.0149mmol) was added to the reaction flask and then a solution of N,N’-
dicyclohexylcarbodiimide (DCC) (3mg, 0.0145mmol, 1ml CH2Cl2) was added drop-wise 
over a period of one hour. The reaction mixture was hand stirred.  
     
6.2.4 Surface characterization  
6.2.4.1 DRIFT 
The substrates were studied using diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFT) (Thermo Nicolet-NEXUS 470 FT-IR) to analyze the alkyl chain 
ordering of the molecules on the surface. The spectra were recorded under nitrogen to 
eliminate the background signals due to CO2 and H2O adsorption bands. Unmodified 
gold substrates were used as the background spectra. 1024 scans were collected for each 
sample with a 4 cm-1 resolution.   
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6.2.5 Catalyst preparation 
6.2.5.1 [Cu((S,S)-tert-Bu-box)]Cl2·CH2Cl2  
A round bottom flask with a magnetic stir bar was charged with (S,S)-tert-butyl-
bis(oxazoline) (40mg, 0.1203mmol) and CuCl2 (16mg, 0.1190mmol). Dichloromethane 
(10ml) was added to the reaction flask and the reaction mixture was allowed to stir 
overnight. The green solution was filtered and the solvent removed in vacuo to deliver a 
green powder 
 
6.2.5.1.2 [Cu(S,S)-(tert-butyl-box)(H2O)2](SbF6)2
[Cu((S,S)-tert-Bu-box)]Cl2·CH2Cl2 (44mg, 0.0942mmol) was added to a round bottom 
flask containing a magnetic stir bar under nitrogen atmosphere. The reaction apparatus 
was wrapped in foil to eliminate light. Silver hexafluoroantimonate(V) (AgSbF6) (59mg, 
0.1717mmol) and dichloromethane (10ml) were added to the reaction apparatus. The 
reaction mixture was allowed to stir overnight in the absence of light to produce a clear 
green solution with white AgCl precipitate. The mixture was filtered to provide a dark 
green solution. The development of a blue color in the room temperature solution of this 
catalyst is indicative of the formation of the bis(aquo) complex  [Cu(S,S)-(tert-butyl-
box)(H2O)2](SbF6)2.      
 
6.2.5.2 [Cu((S,S)-tert-Bu-aza)]Cl2·CH2Cl2  
A round bottom flask with a magnetic stir bar was charged with (S,S)-tert-butyl-aza-
bis(oxazoline) (40mg, 0.1496mmol) and CuCl2 (20mg, 0.1487mmol). Dichloromethane 
(10ml) was added to the reaction flask and the reaction mixture was allowed to stir 
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overnight. The green solution was filtered and the solvent removed in vacuo to deliver a 
green powder 
 
6.2.5.2.2 [Cu(S,S)-(tert-butyl-aza)(H2O)2](SbF6)2
[Cu((S,S)-tert-Bu-aza)]Cl2·CH2Cl2 (44mg, 0.1095mmol) was added to a round bottom 
flask containing a magnetic stir bar under nitrogen atmosphere. The reaction apparatus 
was wrapped in foil to eliminate any source of light. Silver hexafluoroantimonate(V) 
(AgSbF6) (59mg, 0.1717mmol) and dichloromethane (10ml) were added to the reaction 
apparatus. The reaction mixture was allow to stir overnight in the absence of light to 
produce a clear green solution with white AgCl precipitate. The mixture was filtered to 
provide a dark green solution. The development of a blue color in room temperature 
solution of this catalyst is indicative of the formation of the bis(aquo) complex  [Cu(S,S)-
(tert-butyl-aza)(H2O)2](SbF6)2.      
 
6.2.5.3 [Cu((S,S)-tert-Bu-aza)](CF3SO3)2
A round bottom flask with a magnetic stir bar was charged with (S,S)-tert-butyl-aza-
bis(oxazoline) (40mg, 0.1496mmol) and copper(II)triflate (Cu(CF3SO3)2) (54mg, 
0.1493mmol). Dichloromethane (10ml) was added to the reaction flask and the reaction 
mixture was allowed to stir overnight. The green solution was filtered and the solvent 
removed in vacuo to deliver a green powder.   
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6.2.5.4 Heterogeneous [Cu((S,S)-tert-Bu-aza)](CF3SO3)2
Erlenmyer flask was charged with (S,S)-tert-butyl-aza-bis(oxazoline) immobilized chips 
(3 chips) and copper(II)triflate (Cu(CF3SO3)2) (2mg, 0.0055mmol). Dichloromethane 
(10ml) was added to the reaction flask and the reaction mixture was allowed to stir 
overnight. The catalytic chips were then removed from the reaction flask and rinsed with 
dichloromethane before use in the asymmetric ene reaction of ethyl glyoxylate and α-
methyl styrene.  
 
6.2.5.5 Heterogeneous [Cu(S,S)-(tert-butyl-aza)(H2O)2](SbF6)2  
Mixed monolayer chips were placed in a flask. To the reaction flask the solvent mixture 
1:5 triethylamine (2ml), dichloromethane (10ml) was added.  [Cu(S,S)-(tert-butyl-
aza)(H2O)2](SbF6)2 (2mg, 0.0024mmol) was added to the reaction flask and then a 
solution of DCC (3mg, 0.0145mmol, 1ml CH2Cl2) was added drop-wise over a period of 
one hour. The reaction mixture was hand stirred.  
 
6.2.6 Asymmetric ene reaction of ethyl glyoxylate and α-methylstyrene 
homogeneous and heterogeneous procedures  
 
6.2.6.1 Homogeneous asymmetric ene reaction of ethyl glyoxylate and α-
methylstyrene 
 
α-Methylstyrene (39 ul, 0.300mmol) was added to a round bottom flask containing a 
magnetic stir bar. Ethyl glyoxylate (240ul, 50% toluene solution, 1.211mmol) and 
dichloromethane (10ml) were also added to the reaction flask under a nitrogen 
atmosphere. The catalyst (0.003mmol (1 mol%) or 0.030mmol (10 mol%) was added in 
one portion to the reaction mixture. After the reaction was complete (2-18hours) (reaction 
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completeness was determined by NMR analysis of crude product) the reaction mixture 
was purified.    
 
6.2.6.2 Heterogeneous asymmetric ene reaction of ethyl glyoxylate and α-
methylstyrene 
 
 The pretreated catalytic chips were placed in a flask and dichloromethane(10ml) was 
added. Then α-methylstyrene (39ul, 0.300mmol), and ethyl glyoxylate(240ul, 50% 
toluene solution, 1.211mmol) were added to the reaction flask. The reaction mixture was 
hand stirred. After the reaction was complete (2 hours) the reaction mixture was purified.  
  
6.2.6.3 Recycling experiment for heterogeneous asymmetric ene reaction of ethyl 
glyoxylate and α-methylstyrene 
 
The pretreated catalytic chips were placed in a flask and dichloromethane (10ml) was 
added. Then α-methylstyrene (39ul, 0.300mmol), and ethyl glyoxylate(240ul, 50% 
toluene solution, 1.211mmol) were added to the reaction flask. The reaction mixture was 
hand stirred. After the reaction was complete (2 hours) the reaction mixture was purified. 
The catalytic chips were rinsed with dichloromethane and dried. The catalytic chips were 
then re-used in the ene reaction for the next cycle using the above procedure.  
 
6.2.7 Purification and analysis of ene product 
6.2.7.1 Purification and yield 
The ene product was purified using p-TLC. The solvent ratio of 70/30 hexane/diethyl 
ether was used. Dichloromethane (CH2Cl2) was used to remove the products from the 
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silica gel. The solvent was evaporated under vacuum to yield colorless oil. The yield was 
determined by weighing the oil. The identity was confirmed by 1H NMR.   
 
6.2.7.2 Enantiomeric excess determination 
To determine the enantiomeric excess a chiral lanthanide shift reagent Europium tris[3-
(heptafluoro-propylhydroxymethylene)-(+)-camphorate was added to the 1H NMR 
sample and then the 1H NMR sample was analyzed to give the enantiomeric excess. 
Lanthanide shift reagents have seen recent use in enantiomeric excess determinations.25-28   
 
6.3 Results 
6.3.1 Homogeneous ene results 
 The homogeneous carbonyl-ene reaction was preformed utilizing the aza-
bis(oxazoline) ligand, and the standard bis-(oxaoline) ligand. The homogeneous results 
are summarized in Table 6.1. The counter ion, reaction temperature, and reaction times 
were varied to improve catalytic performance.         
Table 6.1. Homogeneous asymmetric ene reaction of ethyl glyoxylate and α-
methylstyrene results  
 
System Counter ion 
(mol%) 
Time Temperature
(°C) 
%eea % Yieldb
1a OTf (10%) 18h 25 51 65.1 
1a SbF6 (1%) 2h 25 87 54.5 
1a SbF6 (1%) 2h 0 88 31.0 
2a SbF6 (1%) 2h 25 89 93.3 
2a SbF6 (1%) 2h 0 91 78.3 
3a SbF6 (1%) 2h 25 92 81.8 
a Determined by NMR with chiral shift reagent  
b Isolated yield 
 
 129
The choice of counter ion for this catalytic reaction is very important, which is 
reflected in the results presented in Table 6.1. When the homogeneous aza-bis(oxazoline) 
system is used to catalyze the ene reaction, changing the counter ion from triflate (OTf) 
to hexafluoroantimonate(V) (SbF6) allowed not only a reduction in catalyst mole percent, 
but reaction time as well (Table 6.1). The reduction in mole percent of catalyst is very 
important, because this reduces the initial cost. It should be noted that 
hexafluoroantimonate (V) (SbF6) is the counter ion of choice for this catalytic reaction in 
the literature, and our results with the homogeneous aza-bis(oxazoline) complex reflect 
that finding.  
Changing the reaction temperature from room temperature to 0  C moderately 
increased the enantioselectivity of systems 1a and 2a, but negatively affected the reaction 
yield. The gain in enantiocontrol is not great enough to overcome the reduction in yield.  
The nitrogen on the bridge of the aza bis(oxazoline) ligand allows for easy 
immobilization. One downside to the nitrogen on the bridge of the aza-bis(oxazoline) 
ligand, where as it enhances the electron density of the catalyst, because of the lone pair 
electrons on the nitrogen. This enhanced electron density causes the aza-bis(oxazoline) to 
have limited utility in other reactions such as Diels-Alder. To overcome this limitation, 
an electron withdrawing group on the central nitrogen could be added to reduce the 
electron density. The addition of the electron withdrawing group on the central nitrogen 
of the aza-bis(oxazoline) system to generate 3a, allowed for improved enantioselectivity 
compared to 1a and even 2a the BOX system (Table 6.1). The yield also saw a dramatic 
enhancement going from a moderate yield of 54.5% (Table 6.1) to 81.8% (Table 6.1). 
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Reducing the electron density of the system allows for improved enantio-control, and 
yield of the catalytic system.  
 
6.3.2 Immobilization of aza-bis(oxazoline) on a SAM surface and catalytic testing 
 Three mixed monolayer systems were prepared using a 2mM alkanethiol solution, 
with the following compositions: 11-mercatoundecanoic acid; 1:9 11-mercatoundecanoic 
acid: 11-mercaptoundecanol; and 1:9 11-mercaptoundecanoic acid: 1-octanethiol. The 
aza-bis(oxazoline) ligand was attached to the monolayer surface through an amide bond 
formation reaction between secondary amine of ligand, DCC, and the carboxylic acid tail 
group of the alkanethiol (Scheme 6.2). The chips were analyzed before, and after 
immobilization by DRIFT IR to confirm SAM formation, and after immobilization to 
confirm attachment of the ligand.   
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Scheme 6.2. Immobilization of aza-bis(oxazoline) ligand to mixed monolayer surfaces: 
4a aza-bis(oxazoline) ligand immobilized onto carboxylic acid monolayer surface; 5a 
aza-bis(oxazoline) ligand immobilized onto hydroxyl monolayer surface; and 6a aza-
bis(oxazoline) immobilized above the methyl monolayer surface.  
 
  
 After successful immobilization of the aza-bis(oxazoline) ligand onto the 
monolayer surface these chips were then activated with the pre-catalyst (copper(II) 
triflate). The catalytic chips were then tested in the heterogeneous ene reaction. Another 
method of catalytic chip preparation was investigated. In this method the aza-
bis(oxazoline) copper(II) hexafluoroantimonate catalysts were attached to the mixed 
monolayer chips in a similar to the surface reaction shown in Scheme 6.2. These catalytic 
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chips were then tested in the carbonyl-ene reaction, and the results are outlined in Table 
6.2. These two different methods of catalytic chips preparation were analyzed in order to 
study counter ion effects in the heterogeneous phase.      
   
Table 6.2. Heterogeneous asymmetric ene reaction of ethyl glyoxylate and α-
methylstyrene results 
 
System Counter ion 
(mol%) 
Time Temperature 
(°C) 
%eea % Yieldb
4a OTf (2%) 2h 25 90 91.2 
4a SbF6 (1%) 2h 25 89 74.0 
5a OTf (2%) 2h 25 76 62.5 
5a SbF6 (1%) 2h 25 76 58.7 
6a OTf (2%) 2h 25 86 66.5 
6a SbF6 (1%) 2h 25 84 60.9 
a Determined by NMR with chiral shift reagent  
b Isolated yield 
 
The addition of an electron withdrawing group on the central nitrogen of the aza-
bis(oxazoline) ligand enhances both enantioselectivity, and yield. Attachment of the 
catalyst to a solid support system through an electron withdrawing group would allow for 
this enhancement in both enantioselectivity, and yield along with the generation of 
catalytic chips. These heterogeneous support materials allow for modification of the 
surface environment around the catalyst, and reusability of the catalytic chips. 
The choice of counter ion for the heterogeneous systems is not as important 
compared to the homogeneous phase. The choice of counter ion has little effect on the 
enantioselectivity of the heterogeneous catalytic systems. A moderate reduction in yield 
is observed when the transitional counter ion hexafluoroantimonate (SbF6) was used. The 
triflate (OTf) counter ion is more environmentally friendly.   
 The effect of the surface environment around the catalytic site was also 
investigated: 4a catalyst immobilized onto the carboxylic acid monolayer surface; 5a 
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catalyst immobilized onto the hydroxyl monolayer surface; and 6a catalyst immobilized 
above the methyl monolayer surface. In our heterogeneous cyclopropanantion reactions, 
the hydroxyl environment allow for the greatest enantio-control. In the heterogeneous 
ene-reaction the hydroxyl surface environment produced, the lowest enantio-control of 
the three systems. This reduction in enantio-control is moderate, but never the less 
interesting. This moderate loss in enantio-control could be caused by hydrogen atoms of 
the surface hydroxyl groups which may donate hydrogen atoms to the catalytic product, 
thus following a step-wise mechanism. The reduction is not significant enough to clearly 
allow for prediction of heterogeneous carbonyl-ene reaction mechanism.   
 In terms of enantio-control, and yield the best heterogeneous system is 4a 
(Scheme 6.2). The enantioselectivity was 90% (Table 6.2) which compares to the 
enantioselectivity obtained by 3a (Table 6.1 92%). The reaction yield was enhanced by 
this surface environment, (Table 6.2 91.2%) which was the highest yield obtained in this 
study.    
 System 6a (Scheme 6.2) performed comparably to homogeneous system 1a, and 
had slightly lower enantio-control compared to its model homogeneous system 3a. The 
reason behind the reduction in enantio-control compared to the homogeneous model 
system may be the packing of the catalysts on the monolayer support material. Mixed 
monolayers of varying chain lengths have a tendency to form islands. This island 
formation may lead to the catalysts packing near one another. This tight packing may 
cancel out the beneficial properties of the reduced electron density.       
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6.3.3 Recycling of catalytic chips in ene reaction  
Table 6.3. Recycling results for the heterogeneous asymmetric ene reaction of ethyl 
glyoxylate and α-methylstyrene 
 
System Counter ion 
(mol%) 
Time Temperature 
(°C) 
%eea % Yieldb
4a OTf (2%) 2h 25 90 91.2 
4a OTf (2%) 2h 25 79 53.2 
4a OTf (2%) 2h 25 75 45.9 
4a OTf (2%) 2h 25 76 55.2 
4a OTf (2%) 2h 25  64 47.3 
4a OTf (2%) 2h 25 60 45.9 
a Determined by NMR with chiral shift reagent  
b Isolated yield 
 
The best catalytic chips (4a) were recycled six times with moderate loss in 
enantioselectivity, until the final two catalytic cycles. After the initial catalytic cycle the 
enantiomeric excess dropped 11% (Table 6.3). The enantiomeric excess remained 
relatively constant for the next three cycles. The enantiomeric excess for the fifth and 
final cycles dropped to 64% and 60% respectively which is a 30% difference from the 
initial catalytic cycle. These catalytic chips can be recycled multiple times. The benefits 
of low catalyst mole percent, along with the ability to recycle the catalytic chips, makes 
the immobilization onto SAMs support material for the benchmark carbonyl-ene reaction 
an acceptable choice.     
 
6.4. Conclusions 
 The homogeneous, and heterogeneous aza-bis(oxazoline) copper complexes have 
been utilized in the benchmark carbonyl-ene reaction between ethyl glyoxylate and α-
methyl styrene. This is the first reported case of the aza-bis(oxazoline) copper complex 
used to catalyzed this ene reaction. The traditional catalyst for this ene reaction is the 
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bis(oxazoline) copper catalyst, which has seen success in the literature. The addition of 
an electron withdrawing group to the bridge nitrogen of the aza-bis(oxazoline) ligand 
enhanced both enantioselectivity, and yield. Addition of a surface bound electron 
withdrawing group to the bridge nitrogen allow for the enhancements of the 
homogeneous phase analog, along with the creation of catalytic chips. These catalytic 
chips can be recycled up to six times, before dramatic loss in enantioselectivity is 
observed. 
 
6.4.1 Homogeneous ene results 
 In the literature the most common ligand for the benchmark carbonyl-ene reaction 
of ethyl glyoxylate and α-methyl styrene is the bis(oxazoline) ligand. Immobilization of 
bis(oxazoline) ligands to support material is challenging synthetic procedure. An analog 
to the bis(oxazoline) ligand is the aza-bis(oxazoline) ligand, which contains a bridge 
nitrogen. This bridge nitrogen allows for simple attachment of the ligand to a support 
material. One drawback of the bridge nitrogen is the increased electron density of the 
complex, compared to the bis(oxazoline) system. The addition of an electron 
withdrawing group on the bridge nitrogen (Figure 6.1, 3a) is a simple solution to this 
problem. This addition enhanced both the enantioselectivity, and yield compared to the 
non-modified aza-bis(oxazoline) copper complex (Table 6.1). System 3a (Figure 6.2) had 
a greater enantioselectivity and yield compared to the traditional bis(oxazoline) catalytic 
system (Figure 6.2, 2a). The choice of counter ion in the homogeneous phase is very 
important which is observed in Table 6.1. Where system 1a saw a dramatic enhancement 
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in enantioselectivity, yield, and mole present of catalyst, when changing the counter ion 
from triflate to hexafluoroantimonate(V).  
 
6.4.2 Heterogeneous ene results 
 The ability to introduce an electron withdrawing group on the bridge nitrogen of 
the aza-bis(oxazoline) complex, opens up another interesting opportunity in that the 
electron withdrawing group can be bound to a support material. This will combine the 
positive aspects of the electron withdrawing group, and the heterogeneous phase. Three 
heterogeneous systems: 4a catalyst immobilized onto the carboxylic acid monolayer 
surface; 5a catalyst immobilized onto the hydroxyl monolayer surface; and 6a catalyst 
immobilized above the methyl monolayer surface. Out of the three heterogeneous 
complexes system 4a gave the best enantioselectivity, and yield. System 5a had the least 
impressive enantioselectivity, and yield of the three heterogeneous systems (Table 6.2). 
Another interesting effect observed in the heterogeneous phases is that surface 
environment had little effect on the catalytic results. System 5a had the lowest 
enantioselectivity of the three systems but the selectivity decrease was not dramatic. The 
heterogeneous systems seem less dependent on the surface environment in the carbonyl-
ene reaction compared to the previous cyclopropanation studies (Chapter 3, 4). In the 
heterogeneous phase the choice of counter ion had minimal effect on the enantio-control 
of the system, compared to the homogeneous phase. This allowed for more choices in 
counter ion for the catalytic system, compared to the homogeneous phase.        
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6.4.3 Recycling catalytic chips in the benchmark ethyl glyoxylate and α-
methylstyrene 
    
Immobilization of the aza-bis(oxazoline) complex onto the SAMs support 
material allows for the positive aspect of heterogeneous phase, which is the ability to 
recycle the catalytic chips multiple times.  The catalytic chips were recycled up to six 
times, until dramatic loss in enantioselectivity. The benefits of the heterogeneous 
catalytic system overshadow those of the homogeneous phase. There is less dependence 
of counter ion selection, and the ability to recycle the catalytic system multiple times.                    
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